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PREFACE. 


This book is intended to give engineering students instruc- 
tion in the theory and practice of designing valve-gears for steam- 
engines. With the vast number of valves and gears in use at 
the present time, an exhaustive treatment in a text-book appears 
out of place; the author’s aim is rather to give the learner a 
firm grasp of the principles and some facility in their application. 
Each type discussed is illustrated by one or more examples selected 
from good practice. 

Graphical methods are used throughout, in the body of the 
book, both for demonstration of principles and for design of 
gear. In an appendix analytical demonstrations are gi\'cn of 
certain principles that cannot be treated in a complete and 
satisfactory manner by construction only. Zeuner’s valve-diagram 
is used because it is widely and favorably known and appears to 
the author to be at least as good as any other circular diagram. 

In the discussion of radial valve-gears, the undei lying prin- 
ciples found in all such gears are pointed out, and a few prominent 
forms arc illustrated. All such gears have necessarily or designedly 
large irregularities in their motions, so that analytical methods 
are useless if not misleading, and general methods of treatment 
are of small value. Facility in design is to be obtained through 
experience only. 

Drop cut-off gears are represented by a few examples chosen 
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to illustrate the principles and show a variety of treatment; 
especial attention is given to the Corliss gear. Advantage is 
taken in this connection of the opportunity to illustrate the use 
of cam-gears. 

Common and well-known methods and processes have been 
used in most cases, and novelty has been rather avoided than 
sought. Some things, however, are believed to be original; for 
example, the combination of a skeleton model with construction 
for laying out link-motions and other irregular or complicated 
gears, and several examples of double valve-gears; the latter are 
introduced mainly to show the scope of the methods used.. So 
much of the material used is the accumulation of common 
practice, and so many of the forms and methods are known 
by the names of the originators, that references to authorities or 
formal acknowledgments appear superfluous. 

The changes that have been made from an earlier edition, 
it is hoped, will make the book simple and more easily understood. 
In particular directions for solving problems and for making 
constructions are explicit and reasons for the methods are given. 
The transfer of all analytical work to an appendix is expected to 
avoid discontinuity in the graphical presentation of the work, 
and will allow the general reader to choose whether he shall take 
certain general principles for granted, or take the time for a some- 
what refined investigation. 

The author desires to acknowledge the assistance of his co- 
adjutors, upon whose experience he has been generously allowed 
to draw, in this revision. 

C. H. P. 

Massachusetts Institute of Technology, 

January, 1906. 
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VALVE-GEARS FOR STEAM-ENGINES. 


CHAPTER I 

PLAIN SLIDE-VALVE. 

The valve-gear of a steam-engine consists of the valve, or 
valves, for admitting steam to, and exhausting steam from, the 
cylinder of the engine, together with the mechanism for giving 
motion to the valve, or valves. The discussion of valve-gears 
is therefore a part of kinematics or mechanism; the extent and 
importance of the subject make a separate presentation of it 
desirable. 

The larger part of valve-gears derive their motion from one 
or more eccentrics; of such gears, the plain slide-valve is the 
simplest. Other valve-gearS are best studied after an exami- 
nation of the plain slide-valve, since they accomplish the same 
results, and by analogous methods. 

Slide-valve Engine. — A plain slide-valve engine has two 
trains or systems of moving parts, the piston, piston-rod, con- 
necting-rod and crank, and the eccentric, eccentric-rod, valve- 
spindle and valve. These parts are represented in Figs, i, 2 
and 3 of Plate I; the engine-frame is omitted from the figures 
to simplify them and to concentrate attention on the moving 
parts, in w^hich we are now interested. 

The piston, half of which is represented in Fig. 2, is sub- 
jected to steam pressure on its right-hand side and presses the 
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piston-rod toward the left. The piston-rod is joined to a cross- 
head H (partly obscured by the valve-spindle), which moves in 
straight guides. The right-line reciprocating motion of the cross- 
head is transformed into a rotating motion by the connecting-rod 
i, which takes hold of the crank-pin C. At O is the centre of the 
engine-shaft, to which are keyed the crank OC and the eccentric E. 
The eccentric-rod I transforms the rotating motion of the eccentric 
E into the reciprocating motion of the head h of the valve-spindle, 
and the valve-spindle communicates that motion to the valve V. 
The valve is in this case placed at the side of the cylinder be- 
cause the side-elevation brings the centre-lines of the moving 
parts into a simple relation, shown by Fig. 4, and this represen- 
tation of the problem will be considered to be the normal case 
to which all other cases are assimilated, whatever variations may 
be found in actual practice. In the side-elevation, Fig. i, the 
valve-chest cover is removed to show the valve, and the upper 
part of the valve is represented to be cut away to show the steam- 
passages. 

Fig. 2 gives a horizontal section of the half cylinder, steam- 
passages, valve and valve-chest. In the design of a plain slide- 
valve it is customary to represent it in section, as in Fig. 3, which 
is drawn to a larger scale, with the valve in its middle position. 

Crank and Connecting-rod. — The crank, connecting-rod and 
cross-head, in its guides, form a train of mechanism known as 
a sliding-block linkage. In Fig. 4, OC is the centre-line of the 
crank and CH is that of the connecting-rod; the point II is con- 
strained to move on the line OX. 

In designing valve-gears two problems may arise in the train 
made up of the crank, connccting-rod and cross-licad, with its 
attached parts, the piston and piston-rod. They are (i) given 
the piston-displacement to find the crank-anglc; and, conversely, 
(2) given the crank-angle to find the piston-displacement. Both 
are habitually solved graphically. In Fig. 4 first find the begin- 
ning of the stroke of the cross-head by laying off OA equal to 
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the length of the crank plus the length of the connecting-rod. 
From A lay off AH equal to the piston-displacement. With H as 
a centre and with a radius equal to the length of the connecting- 
rod, draw an arc cutting the circular path of the centre of the 
crank-pin at C; then CO A is the crank-angle. Conversely, layoff 
the crank-angle AOC, and, with C as a centre and the length of 
the connecting-rod as a radius, intersect the path of the cross- 
head at then AH is the displacement of the cross-head 
and the piston. The centre-line of the C3dinder is intended to 
pass through the centre of the shaft; small deviations are com- 
monly ignored. 

Eccentric and Eccentric-rod. — The eccentric is derived 
from the crank by the expansion of the crank-pin till it includes 
the shaft and obliterates the crank. Consequently the eccentric 
and eccentric-rod form a sliding-block linkage. 

The length of the eccentric-rod is commonly from 12 to 20 
times the eccentricity, and the deviation of the true motion from 
harmonic motion is small and can usually be neglected. Should 
it be desirable in any case, the true motion can be determined 
graphically by the method given for the crank and connecting- 
rod. 

Problems in valve-gears are solved by special methods to be 
described later; a solution of such problems involving an exten- 
sion of the graphical method of page 2 will be given on page 5 
in connection with the valve-ellipse. 

The Slide-valve. — Fig. 3 gives the section of a plain slide- 
valve and its seat. The ports a, ax lead to the two ends of the 
cylinder; the exhaust-space s is connected with the exliaust- 
pipc; the bridges b, hi separate the ports from the exhaust-space. 
The steam-pressare in the steam-chest holds the valve against 
the seat and ]wvvcnts leakage. The valve-seat is cut away so 
that the vah’e may over-travel its seat at the ends and thus both 
valve and seat may wear evenly. The edges of the ports and 
of the valves are machined and finished true; for convenience 
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in the work, the edges of the ports and the inside edges of the 
valve are undercut as shown. 

The valve, when in its mid position, commonly overlaps both 
inside and outside edges of the ports. The amount, o, by which 
it laps over the outside edge of the port is called the steam-lap 
of the valve; the amount, i, by which it laps over the inside 
edge of the port is called the exhaust-lap. In the typical case 
represented by Fig. 3 the valve is exposed to the steam-pressure 
on the outside, and the exhaust-cavity and the exhaust-port are 
inside; in some cases this arrangement is reversed. In any case 
the steam-lap is the distance that the valve must be moved from 
middle position to let steam into the cylinder, and the exhaust- 
lap is the distance it must be moved to open the port to exhaust. 
The exhaust-lap may be nothing or negative. In the latter case 
the valve is said to have a clearance. 

In Fig. 2 the valve is shown admitting steam to the end of 
the cylinder remote from the crank, called the head end; and it 
is exhausting steam from the other end of the cylinder, called the 
crank end. The valve is usually set in such a manner that when 
the engine is on a dead-point the valve is open by a small amount 
called the lead. For this purpose the eccentric is set ahead of 
the crank 90° plus the angle u, called the angular advance. This 
definition applies only to the typical case represented by Fig. 4; 
a more general definition will be given later. As the crank moves 
forward the valve opens more and more till the centre of the 
eccentric comes to the line of centres, then the valve begins to return 
and it shuts the port before the stroke of the piston is finished. 
The stroke of the piston from the head end to the crank end of the 
cylinder is called the forward stroke; the return stroke is made from 
the crank end to the head end. The valve is open by the amount of 
the lead at the beginning of the return stroke, and at the same time 
the exhaust is open for the head end. As in the forward stroke, the 
valve first opens wider as the stroke proceeds, then it returns and 
closes the port before the piston reaches the end of the stroke. 
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Events of the Stroke. — ^When the outside edge of the valve 
is at the edge of the port, as shown by Fig. 4 , PL II, and the 
valve is opening, admission is said to occur. This happens just 
before the stroke commences. When the valve is in the same 
position, but is closing, cut-off takes place. At either position 
the displacement of the valve is equal to the steam lap; con- 
sequently we have the following principle: 

When the displacement of the valve is equal to the steam lap^ 
the engine is either at admission or cut-off. 

Release occurs when the inside edge of the valve is at the 
edge of the port and the valve is opening to exhaust, as shown 
by Fig. 5 , PL II. 

Compression occurs when the valve is at the same position 
but is closing the exhaust. At either position the displace- 
ment of the valve is equal to the exhaust lap; consequently we 
have: 

When the displacement of the valve is equal to the exhaust lap^ 
the engine is either at release or at compression. 

Valve-ellipse. — ^The following method will be found con- 
venient for studying the action of a valve, especially when its 
motion is irregular. Take first the typical case represented by 
PL I, where the centre-lines of the crank and connecting-rod 
and the eccentric and eccentric-rod coincide in the side elevation. 
Choose any piston-displacement and lay off AH^ the displace- 
ment of the cross-head, equal to it; with the length of the con- 
necting-rod as a radius cut the circular path of the crank-pin 
at C, thus determining the crank-angle C0.4. ■Make COF a 
right angle and lay off the angular advance FOE. W'ith E, the 
centre of the eccentric, as a centre and \vilh a radius equal to 
the length of eccentric-rod, cut the path of the end of the \alve- 
spindle at h. Then ah is the displacement of the valve from 
its middle position, corresponding to the piston-displacement 
AH, In Fig. I, PL II, take AA^ to any convenient scale to repre- 
sent the stroke of the piston; lay off the piston-displacement AH 
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of Fig. 4, PI. I, from A to the scale chosen and erect the ordinate 
Hh equal to the corresponding valve-displacement to any desired 
scale, not necessarily the same as the scale of abscissae. Very 
commonly the length of AA' is taken arbitrarily five or six inches 
while the ordinates are laid off full size. A sufficient number 
of points like h are constructed, with ordinates above the fixis 
for displacements of the valve to the left of the middle position, 
and ordinates below the axis for displacements to the right. 
A smooth oval may be drawn through the points thus located, 
by aid of which the valve-displacement corresponding to any 
piston-position may be determined directly. Conversely, the 
piston-position can be determined for any valve-displacement; 
thus, if a valve-displacement Ao is taken, the corresponding piston- 
position, found by drawing a horizontal line, and an ordinate at 
the intersection with the oval, may be 0.88 of the forward stroke. 

The oval of Fig. i, PI. II, is very irregular because both 
connecting-rod and eccentric-rod are short. If the length of the 
eccentric-rod is fifteen (or more) times the eccentricity, the valve- 
displacement may be found with sufficient approximation by 
making it equal to Oe in Fig. i, PI. I, found by dropping Ee 
perpendicular to the axis XX, In such case the oval will be less 
irregular than that of Fig. i, PI. II. If both the piston-motion 
and the valve-motion are harmonic, the oval becomes an ellipse 
like that drawn with a dotted line in Fig. i. Though the figure is 
always an oval in practice, on account of the irregularity of motion 
due to the connecting-rod, it is customary to call it the valve-ellipse. 

To use the valve-ellipse (or oval) for studying the valve- 
motion it is customary to draw horizontal lines 00' and OyOi 
parallel to the axis AA' at distances equal to llic steam-laps. 
In the figure these are equal. In like manner the lines il and 
iiii are drawn at distances equal to the exhaust -laps. It has 
already been pointed out that a valve-displacement equal to the 
steam-lap will bring the edge of the valve to the edge of the port 
and that the valve is in such position when it is (i) opening at 
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admission or (2) closing at cut-off. An inspection of the figure 
shows that head-end admission occurs at 0.02 of the stroke before 
the dead-point, and that head-end cut-off occurs at 0.88 of the 
stroke, during the forward stroke. The crank-end admission 
comes just before the dead-point, and crank-end cut-off comes 
at 0.72 of the stroke, during the return stroke. Head-end com- 
pression occurs at 0.17 and head-end release at 0.98 of the stroke; 
and crank-end compression comes at 0.06 and release at 0.92 
of the stroke. The lead for the forward stroke is 07 h and for the 
return stroke Oin\ The inequality of the leads is due to the 
short eccentric-rod; in practice such an inequality does not occur, 
first, because the eccentric-rod is longer, and, second, because the 
usual method of setting the valve makes the leads equal. 

The valve-ellipse may be advantageously used to investigate 
the action of a valve having an irregular motion, such as is given 
by some special valve-gears to be studied later, and it should 
be drawn during the design of the valves for everj^^ important 
engine. The motion of valves of an existing engine may be 
investigated by causing the engine to draw its own valve- ellipse. 
For this purpose, a reduced copy of the piston-motion, obtained 
by aid of a pantograph or otherwise, may be communicated to a 
slip of paper on which is pressed a pencil that derives its motion 
across the slip of paper from the valve-gear. The oval thus 
drawn will have the piston-displacements for abscissae and the 
valve-displacements for ordinates, and should be identical with 
the valve-ellipse drawn to the same scale; any discrepancy must 
be due to mechanical defects in the valve-gear. 

Sinusoidal Diagram. — A diagram called by this name, l;c- 
cause the curves resemble sinusoids, was dexised by IMoll and 
Montety for use in designing valve-gears, taking account of the 
irregularities of both the piston and the valve. Starting at A, Fig. 2, 
Plate II, the crank-angles are laid off as abscissae toward A"; and 
both the piston-displacement and the valvc-displacement fora 
given crank-angle are laid off as ordinates, thus giving two curves, 
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representing the piston-motion, and nn'n, representing 
the valve-motion. The dotted lines are true sinusoids, and 
would represent the piston- and valve-motions if both were har- 
monic. The lines oo'o, oiOi'oi are drawn to represent the steam- 
laps, and the lines w'i, iiii'ii to represent the exhaust-laps, 
which may or may not be equal. Inspection of the diagram 
shows that cut-off occurs at the crank-angle 133®, and at a 
piston-displacement equal to ah. Conversely, if the cut-off is 
desired to take place at the piston-position ah, draw the line 
VV' parallel to AA'^ and at a distance from it equal to the desired 
piston-displacement; from h, the intersection with the curve of 
piston-displacements, draw the ordinate ab; then ac is the lap 
which will give the desired cut-off. It is convenient to draw the 
curve of piston-displacements on a sheet of paper on a drawing- 
board, and to draw the curve of valve-displacements, which may 
be extended to give about one and a half revolutions, on a piece 
of tracing-paper or tracing-cloth. By superimposing the tracing 
of the valve-displacements on the drawing of the piston ^Usplace- 
ments, and slipping it along as desired, the effect of using differ- 
ent values for the angular advance may be readily determined; 
at the same time the effect of different laps may be determined, 
or the lap for a special purpose may be found. 

This diagram cannot be conveniently substituted for the valve- 
ellipse, since it does not present to the eye the character of the 
valve-motion combined with the piston-motion; a valve-ellipse 
can readily be drawn from the sinusoidal diagram 

Zeuner’s Diagram, — In the design of a plain slide-valve, and 
the greater part of all steam-engine valves, it is customary to pro- 
ceed as if the motion of the valve were harmonic; if any correc- 
tion is required it is left as an adjustment to be provided either 
in the completion of the design or in setting the valve. A num- 
ber of arbitrary circular diagrams have been devised for the 
purpose of designing slide-valves; though differing in appearance 
they are essentially similar in principle and any one can be used 
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to solve all the problems that arise in practice. The most com- 
monly used circular diagram is one devised by Zeuner; it would 
be desirable that some one diagram should be accepted by en- 
gineers to avoid labor and misunderstanding. 

Zeuner’s diagram is represented by Fig. 7, PL II, where XOX' 
and OY are a pair of rcctr.’-gulav axes, and the crank is given a 
left-handed rotation, as shovm by the arrow; this arrangement 
corresponds to the trigonometrical convention and is often 
chosen whatever may be the actual construction of the engine. 
The angle YOP==dy equal to the angular advance, is laid off 
toward the crank; OP is made equal to the eccentricity, and 
on it is drawn the valve-circle ONP; then the valve-displacement 
for a given crank-angle 6 is equal to the chord ON, cut off' by 
the valve-circle from the centre-line OR of the crank. 

A geometrical proof may be made by first locating the centre of 
the eccentric at p on the line Op wdiich makes the angle 90® + 5 
with the position of the crank; for harmonic motion the valve-dis- 
placement is On, found by dropping a peipendicular fronr p onto 
the axis XX', No\v draw the line PN, making the angle at N a 
right angle because it lies in a semicircle. The two right-angle 
triangles OPN and Opn are equal because they ha^^e the sides OP 
and Op equal and the angles PON and pOn are l^oth equal to 
180®— 90® — 0 — < 9 . Consequently ON is equal to On equal to 
the vah'e-dis];)laceincnt. 

For comparison vith certain future work, notably on iinn- 
motions, it Y worth vhiic to notice that if On is represented 
by e, and the eccentricity by r, we have 

c = r sin(6^ - 1 - 3 ), 

as given by equation (6), page 123. 

Attention should be called to the facts that the diagram 
is entirely arbitral'}', that it gives a correct result, and that it is 
found in practice to be veiy convenient; and that these con- 
siderations justify its use. 
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The valve-circle of Fig. 7, PL II, represents the motion of the 
valve to the left from middle position, and back again to middle 
position. It is clear that the chord cut from the centre-line of 
the crank will increase in length as OR approaches OP, and that 
the length of the chord will be zero when OR is at right angles 
to OP, for which crank-position the valve will be in mid-position. 
Fig. I, PI. Ill, gives two valve-circles, one above the axis which 
gives valve-displacements to the left, and one below the axis 
which gives displacements to the right. By the aid of this latter 
diagram the entire action of the valve may be represented in 
detail. 

Across the upper valve-circle is drawn an arc oo', with a 
radius equal to the steam-lap that controls the flow of steam to 
the head end of the cylinder; this cuts the valve-circle at two 
points, through which are drawn the crank-positions OAjj, and 
OCh^ kX Ak the valve-displacement is just equal to the steam- 
lap and the valve is at admission in tlie position represented by 
Fig. 4, PL II, moving to the left to open the valve, as is evident 
from a consideration of the arrangement of the mechanism of 
Fig. I, PL I, and also from the fact that as the crank moves 
toward the left the length of the chord cut from the crank by the 
valve-circle increases. At tlie dead-point OX, the valve-dis- 
placement is equal to On — Oo-\-on, that is, to the lap plus on^ 
the lead; the valve is in the position shown by Fig. 3, PL II. As 
the crank moves forward the valve moves farther to the left and 
opens the port wider till the maximum displacement is attained, 
when the crank coincides with OP; the valve is then in a position 
represented by Fig. 6, PL II, giving tlie maximum port-opening 
£)'P, which in this case exceeds the width of the port. As the crank 
moves fonvard from the position just considered, the displace- 
ment decreases and the valve moves toward the right until at 
Ch the edge of the valve comes again to the edge of the port, but 
the valve now closes the port and interrupts the flow of steam to 
the C3dinder; this action is known as cut-off. 
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Another arc, if', is drawn across the upper valve-circle, with 
a radius equal to the crank-end exhaust-lap, which controls the 
flow of exhaust from the crank end of the cylinder. A line 
OKc drawn through the intersection of this arc with the valve- 
circle shows the crank-position when the displacement of the 
valve is equal to the exhaust-lap, and the valve is in the position 
represented by Fig. 5, PL II, moving to the right to close the 
valve and interrupt the exhaust at compression. The valve 
now closes the ports at both ends of the cylinder so that 
steam cannot enter or leave, and that condition persists till 
the valve opens for release at the head-end at the crank-posi- 
tion Rh) this crank-position is drawn through the intersection of 
the lower valve-circle with the head-end exhaust-lap arc drawn 
through i". In this case the two steam-laps and the two exhaust- 
laps are equal; sometimes the laps are unequal, in which case 
the head-end steam-lap and the crank-end exhaust-lap, both drawn 
across the upper circle as in Fig. i, PL V, are usually the larger. 
In any case the lap-arcs may be restricted to the circle to which 
they belong to avoid possibility of confusion. 

The events of the stroke thus far considered are admission 
just before the forward stroke begins, cut-off which commonly 
comes after half stroke, and crank-end compression and head-end 
release toward the end of the stroke. Having the crank-end 
steam-lap arc drawn through the other events of the stroke 
arc admission at cut-off at Cc, head-end compression at Kjj 
and crank-end release at Ry, the valve is displaced to the right 
at the first three of these events, and to the left at the last; at 
admission the valve is mo\mg toward the right, but at the otht^* 
CvCiUs the valve is returning toward the left. 

Though it is not customaiy to do so, the two arcs //'/", ss's^^ 
may be added to find the crank-positions at whkh the edge of 
the valve is on tlie further edge of the port, and the port is 
wide open. The radius Ot' is made ecpial to the width of the 
port plus the steam-lap; w^hen the crank-position passes 
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The valve-circle of Fig. 7, PL 11, represents the motion of the 
valve to the lep from middle position, and back again to middle 
position. It is clear that the chord cut from the centre-line of 
the crank will increase in length as OR approaches OP, and that 
the length of the chord will be zero when OR is at right angles 
to OP, for which crank-position the valve will be in mid-position. 
Fig. I, PL III, gives two valve-circles, one above the axis which 
gives valve-displacements to the left, and one below the axis 
which gives displacements to the right. By the aid of this latter 
diagram the entire action of the valve may be represented in 
detail. 

Across the upper valve-circle is drawn an arc 00', with a 
radius equal to the steam-lap that controls the flow of steam to 
the head end of the cylinder; this cuts the valve-circle at two 
points, through which are drawn the crank-positions OA^, and 
OCh. At Ah the valve-displacement is just equal to the steam- 
lap and the valve is at admission in the position represented by 
Fig. 4, PL II, moving to the left to open the valve, as is evident 
from a consideration of the arrangement of the mechanism of 
Fig. I, PL I, and also from the fact that as the crank moves 
toward the left the length of the chord cut from the crank by the 
valve-circle increases. At the dead-point OX, the valve-dis- 
placement is equal to On = Oo'\-on, that is, to the lap plus on^ 
the lead; the valve is in the position shown by Fig. 3, PL II. As 
the crank moves forward the valve moves farther to the left and 
opens the port wider till the maximum displacement is attained, 
when the crank coincides with OP; the valve is then in a position 
represented by Fig. 6, PL II, giving the inaximum port-opening 
o'P, which in this case exceeds the width of the port. As the crank 
moves forward from the position just considered, the displace- 
ment decreases and the valve moves toward the right until at 
Ch the edge of the valve comes again to the edge of the port, but 
the valve now closes the port and interrupts the flow of steam to 
the cylinder; this action is known as cut-off. 
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Another arc, ii' , is drawn across the upper valve-circle, with 
a radius equal to the crank-end exhaust-lap, which controls the 
jBow of exhaust from the crank end of the cylinder. A line 
OKc drawn through the intersection of this arc with the valve- 
circle shows the crank-position when the displacement of the 
valve is equal to the exhaust-lap, and the valve is in the position 
represented by Fig. 5, PL II, moving to the right to close the 
valve and interrupt the exhaust at compression. The valve 
now closes the ports at both ends of the cylinder so that 
steam cannot enter or leave, and that condition persists till 
the valve opens for release at the head-end at the crank-posi- 
tion Rh\ this crank-position is drawn through the intersection of 
the lower valve-circle with the head-end exhaust-lap arc drawn 
through i". In this case the two steam-laps* and the two exhaust- 
laps are equal; sometimes the laps are unequal, in which case 
the head-end steam-lap and the crank-end exhaust-lap, both drawn 
across the upper circle as in Fig. i, PI. V, are usually the larger. 
In any case the lap-arcs may be restricted to the circle to which 
they belong to avoid possibility of confusion. 

The events of the stroke thus far considered are admission 
just before the for^vard stroke begins, cut-off which commonly 
conies after half stroke, and crank-end compression and head-end 
release toward the end of the stroke. Having the crank-end 
steam-lap arc drawn through t?" the other events of the stroke 
are admission at cut-off at Cc, head-end compression at Kjj_ 
and crank-end release at the valve is displaced to the right 
at the first three of these events, and to the left at the last; at 
admi^^sion the valve is moving toward the right, but at the othe^ 
CvCn^s the valve is returning toward the left. 

Though it is not customary to do so, the two arcs //'/", .95'/' 
may be added to find the crank-positions at which the edge of 
the valve is on the further edge of the port, and the port is 
wide open. The radius O/' is made equal to the width of the 
port plus the steam-lap; when the crank-position passes 
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through t or the displacement of the valve is equal to the lap 
plus the width of the port and the port is then wide open. In 
like manner the radius Os' is made equal to the width of the port 
plus the inside lap, and when the crank-position passes through 
s or s" the port is wide open for exhaust. 

The diagram shows that the outside edge of the valve over- 
travels the edge of the port by the amount t'P, Some over- 
travel is desirable, as it gives in general a better action to the 
valve. The over-travel of the valve for exhaust is ^'P, which 
is greater than t'P by the amount of the difference of the 
steam- and exhaust-laps. The amount by which the port is open 
at any position of the valve is called the port-opening. The 
maximum port-opening for supply, which occurs when the crank 
coincides with OP, is equal to o'P, the difference between the 
eccentricity and the lap. The maximum port-opening for exhaust 
is equal to i'P. In this case the maximum port-openings are 
greater than the width of the port. A slide-valve moved by an 
eccentric always has the maximum port-opening for exhaust at 
least as great as the width of the port, and it is commonly 
greater; the maximum port-opening for supply is also commonly 
greater than the width of the port, but it is sometimes less. A 
slide-valve moved by a g^ar that gives a variable cut-off, as 
win be seen later, may have both maximum port-openings 
less than the width of the port for some sellings of the gear. 

An inspection of the diagram Fig. i, PL III, will show lha. 
a change of the steam -lap will affect both admission and cut- 
off; thus, the cut-off is hastened and the admission is delayed 
by an increase of the steam-lap, and conversely the admission 
comes earlier and the cut-off comes later if the steam-lap is 
decreased. In a similar way, increasing the exhaust-lap delays 
the release and hastens the compression, while decreasing that 
lap produces a contrary effect. Since it is the relative propor- 
tions of lap and eccentricity which determine the cut-off, it h 
apparent that decreasing the eccentricity with a constant lap 
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produces the same effect as increasing the lap with a constant 
eccentricity; i.e. it hastens the cut-ofi and delays the admis- 
sion. Finally, it will be seen that increasing the angular advance 
hastens all the events of the stroke; and that decreasing the angu- 
lar advance delays all the events of the stroke. 

Should the exhaust-lap of the valve be made nothing, so that 
in mid-gear its acting edge coincides with the edge of the 
port, then both compression and release will occur when the 
crank is at right angles to POP'. Sometimes, in designing or 
remodelling a valve, it will be found advisable to give a clear- 
ance to the valve instead of an exhaust-lap, as represented by 
Fig. 2, PI. IX, in which case the valve must be displaced to the 
right to bring the crank-end exhaust-edge of the valve to the edge 
of the port as is indicated by Fig. 3. Compression consequently 
comes at OK^ drawn through the intersection of the lower valve- 
circle with the crank-end exhaust-clearance arc. Conversely, 
release, which is controlled by the head-end exhaust-edge of the 
valve, will occur when the valve is displaced to the left an amount 
equal to the head-end exhaust-clearance and will come hejore 
the crank-end compression. In order to emphasize the fact that 
the change from exhaust-lap to exhaust-clearance on the crank- 
end of the valve shifts the construction as shown in Fig. i, PI. 
IX, to the lower valve-circle, the construction for head-end re- 
lease is omitted; it can be made by drawing the exhaust-clear- 
ance arc for the head-end of the valve across the upper circle, 
and will indicate that release comes between OCj^ and GKc. It 
is very important that the effect of giving the valve a clearance 
shall be clearly understood so that confusion cannot arise cither 
in this place or in future work. 

Expansion and Compression. — From cut-off at OCh (Fig. 
I, PI. Ill) to release at OP/j, the head-end of the cylinder is shut 
off from both the supply and the exhaiNt. Wdiile the crank 
moves forward from Ch to Rh, the piston moves a corresponding 
amount, and the steam in the cylinder expands and experiences 
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a loss of pressure in consequence; this action is called the ex- 
pansion. When the valve closes the exhaust at OKh the steam 
then caught in the cylinder is compressed ahead of the piston 
till a new supply of steam is admitted at OA^] this action is called 
the compression. For the crank-end of the cylinder, in a like 
manner, steam is expanded from OCc to ORa and is compressed 
from OKc to OA^. 

Lead and Lead-angle. — ^The lead, or the amount that the 
valve is open when the engine is on a dead-point, varies with 
the type and size of the engine, from a very small amount (or 
even nothing) up to half of an inch or more. Stationary engines 
running at slow speed may have from to iV of an inch lead. 
The effect of compression is to fill the waste space at the end 
of the cylinder with steam; consequently engines having much 
compression need less lead. Locomotive-engines having the 
valves controlled by the ordinary form of Stevenson link-motion 
may have a small lead when running slowly and with a long cut- 
off, but when running at high speed with a short cut-off the 
lead is at least i of an inch; and locomotives that have a valve- 
gear which gives constant lead commonly have \ of an inch 
lead. 

In the solution of problems it is sometimes convenient to use 
the lead-angle, A^OX, Fig. i, PI. Ill, instead of the lead on. The 
lead-angle is likely to vary from zero to 8°; 2 ^ is a convenient 
angle for the solution of problems. 

Problems on the Slide-valve. — By assuming various elements 
of the valve-gear to be known a series of problems relating to 
the plain slide-valve may be stated and solved. A few of these 
problems which will be stated and solved are of real importance 
to the engine-designer. 

Problem I. Given the eccentricity, the lead-angle and the 
crank-angle at cut-off, to find the angular advance, the lap and 
the lead. 

In Fig. I, PI. IV, draw, to any convenient scale, the arc 
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XCX' to represent the path of the crank, referred to the axes 
XOX' and OF. Lay off the angle XOA equal to the lead- 
angle, and lay off ZOC, the crank-angle at cut-off. Should the 
piston-position at cut-off be given instead of the crank-angle, 
find the crank-position ORc corresponding by the method used 
for the valve-ellipse, p. 5. With equal leads the laps and crank- 
angle at cut-off will be the same for each stroke, and the mean 
piston-position will be nearly equal to the piston-position at cut- 
off with harmonic motion. In such case the crank-angle at cut- 
off may be found by laying off Xr equal to the given piston-dis- 
placement at cut-off and drawing the vertical line rC. 

Bisect the angle AOC and draw the line OP; on it draw 
the valve-circle OoPo'", and through the intersections of this 
valve-circle by the lines OA and OC draw the lap-arc oo"\ The 
lead is o'a. 

In Fig. I the eccentricity is of an inch, the cut-off is at 
I of the stroke, and the lead-angle is 2^°. The lap is || of an 
inch, and the lead is jV inch; the angular advance is ^==31 J®. 

Problem II . Given the eccentricity^ the lead^ and the crank- 
angle at cut-off, to find the angular advance and the lap. 

In Fig. 4, PL IX, lay off the angle XOC equal to the crank- 
angle at cut-off, and draw the arc^ CPb with a radius equal to 
the eccentricity. From b draw an arc with a radius equal to 
the lead, and from C draw CA tangent to that arc. Draw a line 
OA through the point A, and bisect the angle CO A by the 
line OP perpendicular to CA. Draw the lap-arc 7 ?ing, which 
will touch the line CA at the point n; it may be noted that 
the triangle A On is equal to the right triangle OPg formed by 
drawing the line Pg, because they have the sides OP and OA 
equal and have the angle POA in common, and consequently 
On is equal to Og. 

The construction gives 0/ for the lead which must be equal 
to the assumed lead, i.e. equal to be. To prove this equality 
draw the line P/ and drop the perpendicular bk from b onto OP, 
thus forming the two equal right triangles OP/ and Obk, which 
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have the sides OP and Ob equal and the common angle POb; 
the two sides 0 / and Ok are equal, and taking away the equals 
Oo and On there will remain 

oj^nk=he^ 

as required for the construction. 

In the problem discussed the eccentricity is assumed to be 
known and direct solutions are readily found. Very often the 
designer has sufficient information to proceed in this way, or he 
may assume a series of values for the eccentricity and in a few 
minutes have a series of results from which he can select the 
eccentricity that will give satisfactory proportions for the valve. 

Now the real object of the gear is to open the steam-port and 
the designer must decide whether the port-opening is sufficient 
and whether the valve opens and closes rapidly enough. Refer- 
ring again to Fig. i, PI. Ill, it appears that the valve begins to 
open at OAu and that the port is wide open when the crank 
reaches a position that can be located by drawing a line through 
O and because in that figure Oo' is equal to the lap and o't' is 
equal to the width of the port. During this action the valve 
moves rapidly, and in like manner the valve moves rapidly while 
the valve is closing. After the port is wide open the valve 
moves more and more slowly till it stops when the crank coin- 
cides with OP, when the port-opening exceeds the width of the 
port by the amount t'P. Such a favorable action for the sup- 
ply of steam is possible only for comparatively small and slow 
engines. Very often the maximum port-opening for large engines 
is from two-thirds to three-fourths of the width of the port. 
The maximum exhaust port-opening, which is greater than the 
steam port-opening, is always equal to the width of the port and 
usually larger. 

The method of determining the area and thence the width of 
the port will be given on page 36. Having the width of the port, 
the designer may determine the desirable or the possible maxi- 
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mum steam-port opening. He may then determine the proper 
eccentricity by trial as just explained, or he may make a deter- 
mination by the following method. 

Problem III. Given the maximum port-openings the crank- 
angle at cut-off, and the lead-angle, to find the eccentricity, the lap, 
and the angular advance. 

Assume an eccentricity, preferably a little larger than that 
required, and solve the problem by the method of Problem I, by 
drawing the crank-positions at OA and OC for admission and 
cut-off, and bisecting the angle AOC and drawing the valve-circle 
OPi. Draw the lap-arc thus determining the maximum 
port-opening 5"Pi. From this trial port-opening and eccen- 
tricity, and the desired port-opening, determine the proper eccen- 
tricity by the following proportion: 

Assumed Required Assumed Required 
port-opening : port-opening : : eccentricity : eccentricity; 

which is evident from the similarity of the figures. 

In the case represented by Fig. 2 , PL IV, the desired port- 
opening is J of an inch; an eccentricity of if of an inch gave a 
port-opening of |f of an inch, so that the proportion 

2 9 . . T s . o 

gave of inch. 

With this eccentricity the second valve-circle OP is drawn, from 
which all the elements of the valve may be taken. 

In general, it is preferable to solve the proportion numerically, 
but if desired a graphical solution may be made as follows: Lay 
off the line Oci = q"Pi, in a convenient position, and join eiCi; 
make Oc equal to the given maximum port-opening, and draw 
ce parallel to Ciey, then e is the centre of the required valve- 
circle and OP is the required eccentricity. 

Modifications . — In general it is not of great importance that 
the cut-off shall occur exactly at the chosen crank-angle or piston- 
position, and it is seldom nccessar}^ to know the angular advance 
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except in drawing the valve-diagram. It is, however, very con- 
venient if not necessary that the lead and lap shall be deter- 
mined quantities stated in fractions of an inch that are commonly 
used in the machine-shop. By judicious modifications the de- 
signer may secure this for the valve without seriously affecting 
the point of cut-off. In Fig. 3, PL IV, the lap, Oo^ is made J of 
an inch, and the lead is of an inch. At a the vertical aP is 
drawn, and from O, with a radius equal to i|- of an inch, the 
vertical is intersected in P; thus giving the diameter OP on which 
the valve-circle OaPo" is drawn. The cut-off comes at the crank- 
position OC, corresponding to the piston-displacement Xr instead 
of stroke, as required. 

The process of laying out a slide-valve will be considered in 
connection with the valve for equal cut-off. 

Equalization of Cut-off at the Expense of the Lead. — Let it 
be assumed that the cut-off shall occur at a given piston-position 
for each stroke, taking account of the irregularity due to the con- 
necting-rod. Draw the line Fig. i, PL V, on which choose 
O for the centre of the crank and for the origin of coordinates, 
and draw the vertical axis YOY\ Draw the circle XYX'Y'^ to 
any convenient scale, to represent the crank-circle. With a radius 
equal to the length of the connecting-rod, on the same scale, and 
with X and X' as centres, cut the centre-line X'x at x and 
this will give the stroke of the cross-head, equal to the stroke of 
the piston. Lay off the point on the stroke at which cut-off is 
to occur on both strokes, and with these points as centres and 
the length of the connecting-rod as a radius intersect the crank- 
circle at Ch and Cc. In the figure the connecting-rod is taken 
to be five times the crank, and cut-off is assumed to occur at -J 
of the stroke. It is at once apparent that the crank-angles XOCh 
and X'OCc are not equal, and OC/, and OCc are not one straight 
line. Choose a small head-end lead-angle XOAp^; in the figure 
it is I®. Bisect the angle A^OCh, and draw the line POP, on 
which draw the two valve-circles as shown. The eccentricity 
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may be determined by a preliminary solution, assuming harmonic 
motion, as in Problem III, or the same solution may be made 
directly on the figure; if the latter method is used, confusion is 
liable to occur from the number of circles drawn, especially if 
the eccentricity is modified to get some convenient dimension; 
consequently it is better to make such a construction separately 
and transfer the results to the main diagram. Draw the lap-arc 
00 for the upper valve-circle, through the intersections of that 
circle by OA}^ and OCn\ and draw the lap-arc for the lower 
valve-circle, through the intersection OCc with that circle. The 
admission at OAc occurs at the intersection of the lower valve- 
circle and the lap-arc 0^0 ^ ; as a result the crank-end lead is large, 
if not excessive. 

It is customary, in designing a valve for equal cut-off, to 
equalize the compression also. In Fig. i the compression is 
assumed to occur at of the stroke, or at the crank-positions OK}^ 
and OKc- The exhaust-laps are ii and /T, so that the release 
occurs at and Rc^ The point of intersection i of the line OKh 
with the valve-circle may be determined by dropping a perpen- 
dicular Pi from P on OKk^ The valve-diagram in Fig. i gives 
the following dimensions: 

Eccentricity 

Steam-lap, head-end.., 
crank- end. . 

Exhaust-lap, crank- end 
head-end. 

Lead, licad-end 

‘‘ crank-end 

On account of the excessive crank-end lead which is likely 
to result when this method is applied to an engine which has a 
short connecting-rod, it is customary to make a compromise; 
the head-end lead is made as small as practice sho^vs to be allow- 


inch 


•.) < c 

.V “ 
1 ' < « 



20 


VALVE-^GEARS FOR STEAM-ENGINES. 


able and the crank-end lead is made as large as allowable; the 
head-end cut-off will then be longer than the crank-end cut-off, 
but the inequality will be less than if the leads were equal. 

To Lay out a Slide-valve. — The valve for which dimen- 
sions were found in Fig. i, PL V, is shown in section by Fig. 2. 
To lay out the valve, begin at the crank end and make = 
of an inch, equal to the crank-end steam-lap; make of 

an inch, equal to the width of the port. 

The greatest displacement of the valve, equal to the eccen- 
tricity ij of an inch, will carry the point a to a', and when the 
valve is in that position it must not overrun the edge of the 
bridge, but rather there must be width enough remaining to 
prevent leakage. The least width of bridge in the figure is ff 
of an inch, and the width of | inch is chosen to insure a joint. 

The crank-end exhaust-lap, ^ of an inch, is laid off at cd. 
The greatest displacement of the valve will carry the point d 
to d'^ and at that position of the valve the remnant of the exhaust- 
space should be at least as wide as the port, i.e. 1% of an inch 
as shown. The exhaust-space is commonly made wider than 
this construction gives; it should not be unduly increased, since 
it will then make the valve large and the friction excessive. 

The valve is completed by making the width of the bridge 
I of an inch and of the port, A of an inch, as shown. If the 
eccentricity, of an inch, be laid off toward the left, from the 
right-hand edges of the valve, it will a])pear that the right-hand 
bridge is wider than necessary, and that the remnant of the 
exhaust-space, when the valve has its maximum displacement 
to the left, is greater than the width of the steam-port. No 
inconvenience will occur from such an excess of bridge or ex- 
haust-space; but had the construction been begun at the right- 
hand, then both the bridge and the exhaust-space would be 
too narrow, which explains why the drawing is begun at the crank- 
end. For constructive reasons, the bridge for any slide-valve 
may be made wider than required to prevent leakage. 
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3j PI- V, gives the section (half-size) of a valve with 
equal laps, which will give the same average cut-off as the valve 
shown by Fig. 2 ; the cut-off at the head-end will be longer, and 
that at the crank-end will be shorter. The steam-lap for Fig. 3 
is very nearly the mean of the unequal steam-laps of Fig. 2; 
and the exliaust-lap is veiy nearly the mean of the exhaust-laps 
of the same figure. Such a valve may be laid off, beginning at 
either end. 

The height of the exhaust-cavity of the valve should never 
be less than the width of the steam-port; it may conveniently 
be made equal to the width of the port plus half the width of 
the bridge. 

The method just given for laying out the slide-valve has 
the apparent inconvenience that the centre of the exhaust-space 
cannot be directly located on the assembly drawing of the engine. 
This difficulty is, however, only apparent, for the section of the 
valve is commonly drawn separately and at full size, and then 
can be transferred to the assembly drawing, which may be to 
any convenient scale. The results obtained by laying out the 
work on the drawing-board should always be checked by a 
numerical calculation; and if desired such a numerical calcula- 
tion may be made first, but it should be checked by the subsequent 
laying out of the valve. Thus the width of the bridge should 
be greater than 


il* — ;!i -il = r’4, or nearly ; of an inch; 


and the exhaust-space should have a widtli of 
+ — -i = il of an inch. 

Rocker and Bell-crank Lever. — In the work thus far it has 
been assumed that the centre-lines of the crank anrl connecting- 
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rod with the cross-head and piston, and of the eccentric and 
eccentric-rod with valve-spindle and valve, coincide in the eleva- 
tion, as shown by Fig. i, PL L This assumption is convenient 
in giving the first description of the valve-gear and in discussing 
the action and the theory of the valve-motion; and the design 
of the valve is commonly carried on as though such a coincidence 
existed, the deviation from such a coincidence being considered 
only in the mechanical problem of laying out the mechanism of 
the engine. 

If the centre-line of the valve-spindle passes through the 
centre of the shaft, and the eccentric-rod is connected directly 
to the valve-spindle, then the motion of both crank and connect- 
ing-rod, and eccentric and eccentric-rod, referred to their own 
proper axes, will be the same as already found, even though their 
centre-lines do not coincide. Such a lack of coincidence will 
make the angle between the eccentric and the crank more (or less) 
than 90° plus the angular advance, by the amount of the angle 
between the two centre-lines. This difference needs considera- 
tion only in the process of setting the valve; and if the angle 
between the centre-lines is small, it will require little or no atten- 
tion at that time. Since such an arrangement involves a lack 
of parallelism between the paths of the valve and of the piston, 
the work of boring the cylinder and facing off the valve-seat is 
more troublesome, and other machine-work is more difficult, 
unless special processes are provided; consequently this arrange- 
ment is seldom adopted. 

Very commonly the paths of the piston and the valve are 
parallel but do not coincide in the elevation; thus, the axis of 
the crank and connccting-rod with the cross-head and cylinder 
may be XX' in Figs. 2, 3, and 4, PI. Ill, while the cc-ntre- 
line of the valve-spindle may be ocx' in the same figures. In 
such cases a rocker or a bell-crank lever should be used to trans- 
mit motion from the eccentric to the valve. 

The following method may be used in laying out a bell- 
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crank lever. Let A be the position of the end of the valve- 
spindle when the valve is in mid-position; lay oS. Aa and . 4 a' 
equal to the steam-laps of the valve, and with a radius equal to 
the length of the arm of the bell-crank lever draw arcs inter- 
secting at C; this gives the axis about which the bell-crank 
lever vibrates. This construction prevents the bell-crank lever 
from introducing any irregularity into the action of the valve 
at admission and cut-off, because the valve-spindle at those 
events has its proper displacement; irregularities at other times 
are of less consequence. In laying out such a gear for a loco- 
motive with a rigid valve-spindle that extends directly from the 
end of the bell-crank lever or rocker to the valve-yoke, it is 
important to have the bending or lateral motion of the valve- 
spindle as small as possible; in such case the point C may be so 
chosen that the lateral motion of the end of the valve-spindle shall 
be half above and half below the line xV. 

With a radius equal to BC, the other arm of the bell-crank 
lever, draw an arc as shown, and draw a tangent to this arc 
from O. Draw perpendiculars OE and CB from O and C to 
this tangent; then EB is the length of the eccentric-rod; this 
construction tends to minimize irregularity due to the eccentric- 
rod and the rocker. If desired, the relation of the crank and 
eccentric may be found by laying off the angle XOR = d^ the 
angular advance, since the crank is at that angle before the dead- 
point when the valve is in mid-position; the angle EOR will nor 
be equal to 90®-!- cl, but this is a matter that affects the valve-setting 
only, and even in that })rocess the exact knowledge of the angle 
between the crank and eccentric is not of importance. 

If it is considered of importance that the cLcentric-rod .shall 
be some definite length, then the centre C, on which the bili- 
crank lever vibrates, may be shifted so lis to give tliat length. 
If C is to be shifted a short distance, then a line parallel to AW' 
may be drawn through B, and with a radius equal to the de-irol 
length of the eccentric-rod an arc may be drawm from E inter- 
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secting that parallel line at a point 5 '; the whole bell-crank 
lever is to be shifted bodily to the extent BB', and the length of 
the valve-spindle must be changed the same amount. 

In the figure the arm CB is made f of CA] consequently 
, the motion of the valve will be that which would be given by 
an eccentric equal to | of OE if the connection were direct. In 
designing and laying out the valve it is treated as though it were 
moved by such an eccentric. The ratio of the arms may be 
made anything desired; they have commonly the same length. 

In laying out a rocker, the process is the same as that just 
described for the bell-crank lever, except that the arm CB, Fig. 
3, is laid off on the side opposite A, and the eccentric follows 
the crank. 

Fig. 4 shows an equal-armed straight rocker with the centre 
of vibration C midway betw^een the lines XX' and xoc'\ it may 
be made a little longer if desired so as to give a construction 
equivalent to that shown by aAa', Figs. 2 and 3. 

Angular Advance. — On page 4, angular advance is defined 
as the amount by which the angle between the crank and eccentric 
exceeds 90°, and that definition is correct and sufficient for the 
typical arrangement of Fig. i, PL I; and as slide-valves are 
usually designed as though that arrangement were to be used, 
the definition stated is the one commonly given and accepted 
by engineers. As a matter of fact it is only in the process of 
setting the valve that a deviation from this definition is recognized, 
and the one condition that usually brings the deviation into jn'omi- 
nence is the use of a rocker, which requires that the eccentric 
shall follow the crank by an angle equal to mhms the angular 
advance, as indicated on Fig. 4, PI. HI. Engine-setters are 
familiar with this condition and allow for it without special 
directions. A convenient mnemonic ih to consider that the rocker 
reverses the motion of the valve and that to compensate, the 
eccentric must be reversed, i.e., shifted 180°. Sometimes, when 
a bell-crank lever or a rocker is used, as in Fig. 2 or Fig. 3, 
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PL III, the eccentric is not exactly 90° plus (or minus) the 
angular advance from the crank; or if the centre-line of the 
valve-gear is shifted a small angle from that of the crank and 
connecting-rod, as explained on page 22, the same condition 
arises. The deviation from the typical condition is usually 
small in such cases, and is not likely to- be observed by the engine- 
setter; the engine-designer is liable to ignore the deviation if he 
gives it any thought. 

If an exact definition is desired it may be derived from Figs. 
2 and 3, PL III, and stated as follows : the angular advance is the 
angle the crank makes with its line of centre when the valve is 
in mid-position. 

Equalization of Cut-off with Rocker. — In the directions 
for laying out a rocker or a bell-crank lever care is taken to avoid 
disturbing the valve-motion and for that purpose symmetrical 
-constructions are used. Needless deviations from the methods 
given are likely to introduce undesirable irregularities into the 
valve-motion. On the other hand a judicious denation from the 
symmetrical constructions may introduce a desirable irregularity 
into the valve-motion which can be used to off-set the irregularity 
■of the piston-motion which is due to the connecting-rod. 

The typical arrangement of the valve-gear represented by 
Fig. I, PL I, with a long eccentric-rod, will give nearly a harmonic 
motion to the valve. If the valve has equal laps the port-openings 
will be equal but the piston-positions at cut-off will be \try unequal. 
An attempt to equalize the cut-off at the expense of the lead (and 
•also of the port-openings) has already been shown to be unsatisfac- 
tory. To Professor Sweet is due the idea, that by the use of a 
bent-rocker an irregularity may be purposely introduced into 
the valve-motion which may be made to equalize the cut-off 
without interfering with the equality of the lead; in this case 
the inequality of the port-openings may be excessive. 

On Plate VI an example is given of such a use of a bent rocker 
to equalize the cut-off of a valve which is designed to give cut- 
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off at fths stroke. In the first place the valve-circle is drawn as. 
for harmonic motion for both piston and valve. That is, the 
diameter of the crank-circle XX' is divided into quarters and 
a vertical line through the f ths mark iVis drawn intersecting the 
crank-circle at C, and the crank-position OC is drawn; the dotted 
circle which represents the path of the eccentric happens to- 
pass through N because the eccentricity was taken equal to one- 
half the crank. The crank-positions at admission OA^ and 
OAc are also drawn and these remain fixed during the follow- 
ing constructions. Bisecting the angle A^OC by the line OP 
determines the angular advance YOP, and on OP the valve- 
circle is drawn with the proper diameter, together with the lap-arc 
oo' which determines the lap for both ends of the valve for equal 
lead. The valve design is to be completed in the usual way and 
the valve and seat are to be laid out. The remainder of the 
discussion has to do with the design of the rocker and its effect 
on the motion of the valve. 

The usual harmonic action of the valve with a symmetrical 
rocker will give cut-off at the head end when the piston is some- 
what beyond fths stroke, and the crank-end cut-off will come earlier 
than fths stroke; the mean piston-position at cut-off will be vcty 
nearly at fths stroke. The object of the use of the bent rocker 
is to bring the valve to the position of cut-off when the piston 
is at fths stroke for both strokes of the engine. With the length 
of the connecting-rod as a radius and with X and X' as centres, 
determine the stroke xx' of the cross-head and divide it into 
quarters; with the fths points as centres and the connecting-rod 
as a radius, determine the crank-positions and Cc correspond- 
ing to the desired piston-positions at cut-off. Since a rocker 
is to be used the normal position of the eccentric is 90® minus 
the angular advance after the crank; the angle to use for this ])ur- 
pose is XOP. Laying off this angle to the right from OCh gives 
Otc for the corresponding position of the eccentric for head-end 
cut-off at fths stroke; in like manner Ova corresponds to 
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OAl^, Or/ corresponds to OCe and Or/ corresponds to OAc- 
With r/ and r/ as centres and with the length of the eccentric- 
rod as a radius, draw arcs intersecting at e; then if a rocker be 
constructed in such a way that the end of the eccentric-rod is 
guided to e when the eccentric is at r/ and r/ (that is, when 
the crank is at C* and Ae) and if the valve be so set that its 
displacement shall then be equal to the lap, the cut-ofE will 
come at fths stroke of the piston and the engine will also have 
the desired lead. In like manner, with re and ra as centres, 
strike arcs intersecting at ey, this last is the point to which 
the end of the eccentric-rod must be guided in order that cut-off 
may come at fths stroke for the head-end. With a con- 
venient length for one arm of the rocker as a radius, draw arcs 
from e and ei intersecting at T^; this will be a proper centre 
for the rocker, and from it the path of the end of the eccentric- 
rod may be drawn through e and cj. The other arm of the 
rocker will be turned downward and its length must be such 
that the valve-displacements corresponding to the positions e and 
e-i s hall be equal to the steam-lap. Draw the chord eey, hah 
of this chord will be found to be greater than the steam-lap Oo, 
consequently the other arm of the rocker must be proportion- 
ately reduced. A convenient construction is to lay off qs from 
the middle of the chord equal to the lap and through s draw a 
line parallel to eTi, cutting the line T^q at the point f, then 
St is the proper length for the other rocker arm. 

Thus far no attention has been paid to the position of the 
valve-spindle, and it is altogether likely that a position of the 
rocker corresponding to the trial centre T i will be practically 
inconvenient, and that the whole gear must be shifted to 
accommodate the location of the valve. Suppose that nn' is the 
desired position of the valve-spindle; draw a line W parallel to 
this position and at a distance equal to tq, and from O draw an 
arc through Ti cutting IV at T; this will be the proper posi- 
tion for the centre of the rocker. The mechanism for the guid- 
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ance of the eccentric-rod is to be swung through the same angle 
TiOT, so that the path of the end of the eccentric-rod will be 
found at ccoCii of which the middle point may be found by draw- 
ing an arc from the centre O through the middle point Cq of the 
original construction and laying of an angle equal to TiOT. 
The eccentric centre must move with the rest of the gear so that 
its position corresponding to Ci will be r/', with the angle rj[ 0 rj[' 
equal to TiOT. The construction is completed by drawing 
Too perpendicular to nn' and equal in length to <5, for the middle 
position of the lower arm of the rocker. The end of the rocker 
and the head of the valve-rod which communicates motion to the 
valve-spindle will move on the arc Vh, drawn with T as a centre; 
a and o' are the positions when the valve is at admission or cut- 
off. The extreme positions are b and V, found by trial, which 
indicate that the port -openings are unequal. It may be desir- 
able to construct a valve-elhpse, taking account of all irregu- 
larities of the entire mechanism of piston and valve-gear, from 
which it may be decided whether or not the design is sufficient. 
Should the port -opening at one end appear to be really insufficient, 
it will be necessary to take a larger eccentricity and repeat the 
construction. 

Piston-valve. — If the section of a plain slide-valve and its 
seat, as shown by Fig. 3, PI. I, be supposed to revolve about 
an axis xo^, there will be generated a piston-valve with its cy- 
lindrical seat. Such a valve is represented by Fig. i, PI. VII, 
which gives a section of the high-pressure cylinder and valve 
of the U. S. battle-ship Massachusdis. It will be seen that the 
outside shell of the cylinder, the lower cylinder-head, and the 
valve-chest form one casting, with feet attached for bolting to 
the engine-frame. A cylinder-liner is forced into and secured 
to the outer shell, with a space between to serve as a steam- 
jacket. The piston is of conical form, and the heads are shaped 
to correspond. Leakage by the piston is prevented by two 
packing-rings held in place by a junk-ring. 
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The piston-valve is in the shape of two pistons connected 
by a pipe or sleeve through which the valve-spindle passes. 
The valve-spindle is prolonged beyond the valve and attached 
to a small balancing-piston which relieves the valve-gear of the 
weight of the valve and attached parts; the upper end of the 
balancing-cylinder is connected with the exhaust. The valve- 
seat is formed by two short hollow cylinders, forced into the 
shell of the valve-chest. The space surrounding each hah of 
the valve-seat is connected with and forms part of the port 
leading to the cylinder. The ports are cut through the cylin- 
drical valve-seat as shown. 

Steam is supplied to the middle of the steam-chest and is 
exhausted from the ends through pipes shown by dotted circles. 
This arrangement secures the advantages that the supply and the 
exhaust-steam are kept well separated so that heat cannot easily 
pass from one to the other, and the valve-rod stuffing-box is 
exposed to the exhaust -steam only; such an arrangement is 
not advisable for a cylinder in which there may be a vacuum, 
since the leakage of air inward, past the stuffing-box, is more 
troublesome than the escape of steam. 

The valve is drawn in mid-position to show the relation of 
the laps and other properties of the valve, and it is consequently 
not in proper relation to the piston, but no confusion need come 
from this disposition. The laps controlling the admission and 
cut-off arc by this arrangement placed inside, while the laps 
controlling the release and compression are outside. It will be 
noticed that the top-end steam-lap is the larger, while the lop- 
end exhaust-lap is the smaller, and i^ here a negaii\e lap or 
clearance. This arrangement i'^ adopted to habten the Lut-otf 
and compresbion on the down-stroke and delay them on the up- 
stroke, but is not carried far enough to produce complete equali- 
zation. 

Leakage i)ast the valve is prevented by packing-rings, like 
those of the piston, which form the acting-edges of the \al\e. 
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To prevent the valve-rings from springing into the ports, bridges 
are left as shown at A, 

Double-ported Valve. — It is frequently difl&cult or impossible 
to get sufficient width of port for engines having a large cylinder 
diameter and short stroke, if the common plain slide-valve is to 
be used. Fig. 2, PL VII, shows a device, known as a double- 
ported valve, used in marine engineering to overcome this diffi- 
culty. Each passage leading to the cylinder has two ports, and 
two slide-valves, joined together in one casting, to control the 
flow of steam through those ports. The inner valve resembles the 
common slide-valve, except that there is a communication through 
the top between its exhaust-space cq and the exhaust-space e of 
the outer valve. The outer valve is elongated enough to leave a 
steam-space (a and a') to supply the inner valve ; a bridge between 
e and a separates the exhaust of the outer valve from the steam- 
space of the inner valve, and is continued to the opening through 
the top of the inner valve. Fig. 3 gives, at the left hand, a trans- 
verse section through the exhaust-space e, and at the right, through 
the steam-space a. The space a is drawn down toward the mid- 
dle of the valve as shown, so that the valve may be made compact 
while providing sufficient area for the flow of steam. 

Allen or Trick Valve. — Fig. 4, PI. VII, shows a valve which 
is so made that a double admission of steam takes place at and 
near cut-off and admission. It is used with the link-motion and 
other gears which give a variable cut-off with the slide-valve, and 
is intended to remedy the defects due to the slow motion imparted 
to the valve at those points when the cut-off occurs early in the 
stroke. 

Through the body of the valve there is a passage ss', and the 
valve-seat is cut away so that the distance from the outer edge of 
the passage to the edge of the valve-seat is equal to the steam- 
lap of the valve. If the valve is displaced toward the right by 
the amount of the steam-lap, the edge c of the valve is brought 
to the edge of the port a, and at the same time the edge of the 
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passage s' is brought to the edge d of the valve-seat. Conse- 
quently there is a double admission of steam to the port a, one in 
the usual way past the edge c, and the other under the right-hand 
end of the valve, past the edge d of the valve-seat, and through 
the passage s's. As the valve opens wider, the passage ss' is 
liable to be shut off by traversing past the farther edge of the 
port a, but when that happens the supply past the edge c is 
abundant. Near cut-off the passage ss' is open at 5 and gives 
a double supply of steam till cut-off occurs by the simultaneous 
coincidence of c with the edge of the port a, and of d with the 
edge of the passage 5'. This principle has been applied to give 
double admission to piston-valves and other forms of valves, 
which appear to be different from Fig. 4, but which are essentially 
similar to it in this particular feature. 

Balanced Valves. — When the difference of pressure between 
the steam- and exhaust-pipes is large, the force exerted to hold a 
plain slide-valve against its seat is very large, and the friction of 
the valve on its seat is excessive. This consumes a needless part 
of the work developed by the engine, throws a severe duty on 
the valve-gear, and makes it difficult to maintain the acting- 
surfaces of the valve and its seat in good condition. Various 
methods of relieving valves from part or all of the steam-pressure 
on them have been devised, resulting in what are called balanced 
valves. 

The piston- valve (shown by Fig. i, PI. VII) is not pressed 
against its seat by the steam, and is consequently perfectly bal- 
anced. It is very commonly used for the high-pressure and in- 
termediate cylinders of triple-expansion marine-engines, and on 
high-speed engines under the control of a shaft-governor. When 
well made, and provided with packing-rings, there is no more 
reason for leakage than exists with the piston of the engine. 
Small piston-valves are commonly made without packing- rings, 
and then depend on the fit in the valve-seat to prevent leakage. 
It is claimed that they do not leak when new, that the wear is 
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insignificant, and that both valve and seat may readily be renewed 
when necessary. It is, however, probable that such piston- valves 
do frequently leak in common service. 

The double-ported valve (Figs. 2 and 3, PI. VII) and the 
Allen valve (Fig. 4, PL VII) have part of the pressure on the 
back relieved, and are known as balanced valves. The double- 
ported valve has a shallow cylindrical recess turned in its back. 
In this is a short cylinder or ring that is pressed by springs against 
a finished surface on the valve-chest cover. A bronze ring fas- 
tened to the valve and bearing against the vertical ring or cyhnder 
is intended to prevent leakage. Communication is opened be- 
tween the enclosed space and the exhaust, so that the leakage may 
not accumulate in this space and destroy the balancing of the 
valve. The unbalanced pressure of the steam on the unenclosed 
part of the valve gives enough pressure against the seat to prevent 
leakage. The Allen valve is commonly wider (measured at right 
angles to the axis of the cylinder) than it is long, and conse- 
quently a rectangular balancing-frame is used to exclude pressure 
from part of the top of the valve. Leakage into the enclosed 
space is allowed to flow directly into the exhaust-cavity through 
a small round passage, shown by dotted lines. 

All such devices are somewhat costly to make and troublesome 
to mainta in in good condition, and if allowed to get out of condi- 
tion are liable to a large loss from leakage directly into the exhaust. 

Valve-setting . — k slide-valve is commonly set to give equal 
lead, or else equal cut-off. Sometimes the leads are made un- 
equal, so as to partially equalize the cut-off; in this case the 
method of setting is like that used for equal lead, excei)t that the 
lead at each end is made the amount determined on. If the- 
cut-off is equalized by aid of a rocker or bell-crank lever, as 
shown on Plate VI, the valve is set to give equal lead. 

As a preliminary to the setting of the valve, a method will l)e 
given for putting the engine-crank on the dead-centre. 

To put an engine on the dead-centre. — In Fig. i, PI. VIII, let 
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the circle CqCCqC be the path of the crank -pin, and let AqAq' 
be the stroke of the cross-head; while abed represents the edge 
of the fly-wheel or the face of the crank-disk, if the crank is so 
made. Set the engine with the cross-head near the middle of 
the stroke, and make reference-marks at or take measurements 
so that it may be set again in the same position. Alake a ref- 
erence-mark on the circle abed, and on some fixed object as, at a 
and 0. Turn the engine around till the cross-head again comes 
to A ; the crank will then be at C', and the mark made at a will 
be found at c. Make another mark at a, and bisect the arcs 
abc and adc at b and d. It is apparent that the angular distance 
of b from a is equal to the angular distance of C from Co'; con- 
sequently the crank will be at the dead-point Co', if the mark 
at b is brought opposite o. Also the crank will be at the dead- 
point Co when d is brought opposite o. 

In this process, and during all the operations of valve-set- 
ting, the engine and the valve-gear should always be moved in 
the direction in which the engine is intended to run, so that the 
lost motion or back-lash may be taken up in the right way. 
Should the engine or the gear be moved too far at any time, it 
should then be turned back beyond the desired point, and again 
brought up to that point with a motion in the right direction. 
Should the elasticity of the engine-belt interfere with the con- 
venient and accurate setting of the engine, it may often be pos- 
sible to place a stick of timber under a fly-wheel arm, block up 
one end and place a jack-screw under the other, and so force 
the engine to the desired setting and hold it at will; or some 
equivalent device may be used. 

To set a valve with equal lead. — First method . — Set the cngiiu* 
on a dead-point and give the eccentric the proper angular advance, 
as near as may be; making it too much rather than too little. 
Adjust the length of the eccentric-rod or of the valve-spindle 
to give the valve the proper lead. IMove the engine forward 
to the other dead-point, and measure the lead; if it is not right, 
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then correct half the error by changing the length of the valve- 
spindle, and the other half by moving the eccentric. Repeat till 
the result is satisfactory. 

If a valve-gear has a rocker, then the length of the valve- 
spindle should be such that the rocker may swing as designed; 
usually to an equal angle on each side of a perpendicular through 
its axis, to the centre-hne of the eccentric-rod motion. In such 
case the eccentric-rod only should be changed in setting the 
valve; a small change of the valve-spindle may be allowed. 

Second method, — A valve that has harmonic motion will 
give the same maximum port-opening for each stroke when set 
with equal lead. Such a valve may be set for equal lead by the 
following method. 

Loosen the eccentric on the shaft, and turn it around till it 
gives the maximum port-opening first at one end and then at 
the other. If the maximum port-openings are not equal, make 
them so by changing the length of the valve-spindle by half the 
difference; this operation adjusts the length of the valve-spindle. 
When that adjustment is complete, set the engine on a dead-point 
and give the valve the proper lead by turning the eccentric on the 
shaft; this adjusts the angular advance. This method is con- 
venient when it is difficult to turn the engine. 

Valves which do not have harmonic motion cannot be so set ; 
as examples, may be quoted a slide-valve having equal lead and 
with the cut-off equalized by aid of a rocker or bell-crank lever, 
and a valve controlled by a link-motion or a radial valve-gear; 
the two last forms will be described in future chapters. 

To set a valve jor equal cut-off , — ^With the crank on the head- 
end dead-point, give the eccentric the proper angular advance, 
and give the valve the proper lead. Move the engine forward 
till cut-off occurs, and measure the displacement of the cross-head 
from the beginning of the stroke. Move the engine forward, 
again, till cut-off occurs on the return stroke, and measure the 
displacement of the cross-head from the crank end of the stroke. 
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Should the cut-off be earlier at the head end than at the crank 
end the valve-spindle is too long; and conversely it is too short 
if the crank-end or return-stroke cut-off is the earlier. In either 
case, change the length of the valve-spindle by an amount which 
it is estimated will correct the inequality; it may be convenient 
to draw a valve-diagram to aid in making an estimate for a large 
engine. Set the engine again on the head-end dead-point, and 
adjust the lead by moving the eccentric. Try the cut-off again, 
and repeat till the result is satisfactory. 

It is apparent that a valve that is designed for equal cut-off 
will be properly set if the leads are made what the design gives 
for them. When such information is at hand, the process of 
setting the valve will be the same as the first method except 
that the lead at each end is to be made the proper amount, with 
the addition that the displacement of the cross-head at cut-off 
is to be determined for each stroke, and the adjustment is to 
be completed by the method just given. 

To set a valve with the steam-chest cover on . — It is customary 
to provide for setting certain valves for locomotive engines and 
some other engines, with the steam-chest cover on, and with 
steam up. In preparation the valve is set to give the proper lead 
at one end, as shown by Fig. 2, PL VIII, a centre-punch mark 
is made at a point on the valve-chest and another mark at a 
point on the valve-spindle, and a tram is made of the proper length 
to reach from mark to mark. The valve is in like manner set to 
give the proper lead at the other end and a second tram is made 
to reach from mark to mark, as indicated by Fig. 3. It is appar- 
ent that after such preparation the valve may be set to give the 
proper leads by aid of the trams when the valve-chest cover is in 
place and the valve itself cannot be seen, and that the valve- 
gear can be set by the first method to give equal leads, or any 
predetermined leads. The description \\ith two tranib i^ given 
because the method is more apparent on the diagram'^; in prac- 
tice it is customary to use one tram which is set with one point 
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on the valve-chest as in Fig. 2, and the other point of the tram 
determines a point on the valve-spindle which is marked with 
a centre-punch; with the valve in the position shown by Fig. 3 
the same tram is used to locate another centre-punch mark on 
the valve-spindle; consequently the valve may readily be set to 
give the proper leads by aid of the tram and the two centre- pimch 
marks on the valve-spindle when the steam-chest cover is in 
place. 

It should be noted that the method of setting the valve with 
equal lead or equal cut-off insures that the action of the valve 
shall be what is desired when opening or closing. Any error 
of design due to the neglect of the angularity of the eccentric- 
rod is therefore transferred to some other part of the motion 
of the valve, namely, to a place where the valve, is open or closed 
and any irregularity of motion is then of little consequence. 

Areas of Steam-pipe and of Steam-ports. — The proper sizes of 
the steam-pipe and of the ports and passages for an engine are 
determined by comparison with successful engines. For this 
purpose it is customary to make a conventional calculation of 
the velocity of the steam through pipes and passages and to use 
such a conventional velocity for determining the areas of the 
sections of pipes and passages and of steam- and exhaust-ports. 

To find the conventional steam velocity it is assumed that 
the cylinder is filled at each stroke of the engine, or, more prop- 
erly, that the cylinder takes a volume of steam equal to the piston- 
displacement, by which term is understood the volume of a 
cylinder equal in diameter to the engine-cylinder and in length 
to the stroke of the engine. 

Suppose, for example, that a certain engine having the diam- 
eter of the cylinder 18 inches and the stroke 3 feet, makes 75 
revolutions pe^ minute. The piston displacement will be 

yr /18V 
4 \I2/ 
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and the volume of steam assumed to be used by the engine per 
minute will be 

2 X 75 X 5.30s 795 cubic feet. 

If the steam-pipe has a diameter of 5 inches, its area will be 
about 



of a square foot, so that the conventional steam velocity will be 
795 0.136 = 6000 — 

feet per minute. 

We may now use this velocity to calculate the steam-pipe 
and the ports and passages. 

For example: The diameter of the steam-pipe of an engine 
having a diameter of 18 inches and a stroke of 3 feet, and mak- 
ing 75 revolutions per minute, should be five inches as deter- 
mined by the following calculation. 

The piston-displacement is 

”x(^) X3=5.3o cubic feet; 

the volume of steam per minute is 

2X75X5.30=795 cubic feet; 

and the area of the steam-pipe to give a velocity of 6000 feet 
per minute should be 

^'V^Vx 144 = 19.08 square inches; 

so that the diameter should be 

(-Jx 19.08) ^ = 4.93» 


or very nearly 5 inches. 
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It is only with small and slow engines that a velocity as low 
as 6000 feet a minute will be found. Velocities as high as 
8000 and 10,000 are common, and 12,000 feet per minute is not 
infrequent. 

If the steam-pipe has considerable length, a small diameter 
with high velocity is to be avoided, if possible, to avoid excessive 
loss of pressure. If the diameter is smaller than advisable, it 
will be expedient to place a steam-drum near the engine, espe- 
cially if the engine has a short cut-off. 

The areas of ports and passages leading to the cylinder should 
be equal to that of the steam -pipe; and the areas of ports and 
passages leading from the cylinder should be double that area; 
a port or passage for both supply and exhaust is to be calculated 
for the latter. In some cases it is more difficult to provide suffi- 
cient areas for ports and passages than for the steam-pipe. 

For example: The engine mentioned above should have the 
area of the port. 


2X19.08 = 38.16 square inches. 

Now, it is seldom possible to make the transverse length of 
the port equal to the diameter of the cylinder; A of the diameter 
is not unusual. Using this proportion, the width of port will be 

38.164-14 = 2.65 inches. 

This calculation is made with the conventional velocity of 
6000 feet per minute. Were the velocity taken at 12,000 feet 
per minute, the width would, of course, be half as much, namely, 
if inches. 

When it becomes difficult or undesirable to give the slide- 
valve sufficient motion to open ihe sleam-port wide for the sup- 
ply, the maximum port-opening may be made from A to A the 
width of the port. 
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When special valve-gears are used that open the valve rapidly 
and close it promptly, the area of the ports and passages may be 
made smaller than the above methods provide, but such reduc- 
tion should be made only with complete knowledge of the action 
of the valve and of the effect of the reduction on the flow of steam. 
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ADJUSTABLE ECCENTRICS. 

Reversing with Loose Eccentric. — ^The device shown by Fig. 
4, PI. VIII, was used for reversing some of the earliest locomo- 
tive and marine engines; it is to-day used for reversing small 
and unimportant engines, and, with some modifications to secure 
positive action, is used on engines of considerable power. As 
shown, the crank is at C, and the eccentric has its centre at E, 
so that the engine will run in right-handed rotation as shown by 
the arrow. The eccentric is loose on the shaft and has a pin at 
jB, which engages with the end of a circular slot in a disk back of 
the eccentric, so that the eccentric is driven by the disk. To 
reverse the engine, it is stopped, and the eccentric or the engine 
is turned till the pin B engages with the other end of the slot 
atF. 

The valve-circles for forward and for backward motion are 
drawn at OP and OP', and the lap-circle is WW1W2; the cut-off 
occurs at OR, on the forward stroke when running right-handed, 
and at OR', on the forward stroke when running reversed. 

In this chapter the engine-shaft is assumed to be located to 
the right of the cylinder and the crank in forward motion turns 
to the right, consequently the valve-circles come to the left of the 
vertical YY', as shown in Fig. 4. This disposition has been 
chosen deliberately, so that the student may become familiar with 
both arrangements. The valve-circles for showing the otlier 
half travel of the valve are omitted to avoid confusing the diagram. 
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Shaft-governor.— At the present time a large number of 
engines of comparatively small power and high rotative speed 
are controlled by shaft-governors, which act directly on the valve 
of the engine. Fig. i, PL XI, shows such a fly-wheel governor, 
which was formerly used on the straight-line engine. It is desir- 
able for illustration because its parts are clearly distinguishable 
and because its action is easily understood. XX' is the centre- 
line of the cylinder, which lies to the left, and xx' is the line of 
the valve-spindle, which is moved by a shifting eccentric through 
the bent rocker CTa, designed by the method of page 25 to give 
equal cut-off and equal leads. The consequence is that when the 
crank is at C ready for the return stroke in right-handed rota- 
tion, the eccentric is at E and the centre-line to which the motion 
of the eccentric and eccentric-rod is referred is 05, making an 
angle SOX with the centre-line of the cylinder. As explained 
in connection with the discussion of the rocker, this peculiarity 
of the drawing of Plate XI is of importance in the design of the 
rocker and is not taken into account in the design of the valve; 
neither need it be taken into account in the explanation of the 
action of the fly-wheel governor, which would act in exactly the 
same way if there were no rocker and if the two lines XX' and 
OS coincided. 

The essential parts of the governor are the ^veight W and the 
spring QL. The weight W moves at the end of the lever TFiVJf , 
which is pivoted at N to one of the arms of the fly-wheel; the 
spring QL, (which is in compression), pushes through the bars LV 
and VM against the end M of the lever and tends to force the weight 
W toward the centre of the wheel. The eccentric is cast on to 
a diamond-shaped plate SV, which ib pivoted at 5 to the hub of 
the fly-wheel and is pinned to the bar LV and VM at When 
the engine turns slowly, the weight W is pressed against the hub 
of the fly-wheel and the valve acts like a plain slide-valve with a 
fixed eccentric, giving a long cut-off; when the engine approaches 
its normal speed the centrifugal force of the weight W overcomes 
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the tension of the spring and the ball moves out from the hub 
and shifts the centre of the eccentric toward the shaft in such a 
way as to shorten the cut-off in a manner to be discussed later. 
It is to be borne in mind that the pivot 5, the diamond plate 5F, 
the weight PF, the lever WM, the rods MV and Fi, and the 
spring QL are all attached to the fly-wheel and revolve with it, 
usually at such a speed that they cannot be distinguished w^hile 
the engine is running. 

Suppose that while the engine is running at a certain speed 
with the weight TF at a given distance from the shaft, the load on 
the engine is reduced; the effort which the steam at the given 
setting of the valve can exert, will be greater than necessary to do 
the work and the excess will be applied to increasing the speed 
of the engine, and in consequence the centrifugal force of the 
weight IF will enable it to move out further, compressing the 
spring QL and forcing the eccentric toward the shaft, thus short- 
ening the cut-off and adjusting the work of the engine to its load. 
Of course a contrary action will take place when the load on the 
engine is increased. It must be noted that the engine will always 
increase in speed as the load is reduced, so that the governor 
does not keep the engine at constant speed, but, rather, it restrains 
the variation of speed within certain predetermined limits. 

The defect of all the earlier fly-wheel governors, like the one 
illustrated, was their tendency to shift the valve-gear too suddenly 
and too far if a sudden change of load occurred ; the consequence 
was that the engine after such a change of load would slow down 
and speed up alternately for some time before it would settle 
down to the new conditions of service. To overcome this tend- 
ency inertia-governors have been devised with heavy moving- 
parts so hung that the centrifugal force increases but a moderate 
amount when the parts shift to adapt the work to tlie load. 
The increase of centrifugal force must move the heavy parts in 
order to shift the valve-gear and consequently violent fluctuations 
of cut-off are restrained, while at the same time the entire gear 
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can be so constructed as to avoid friction and be sensitive to 
small changes of load or steam-pressure. 

In order that a shaft-governor may be able to control the 
valve of an engine, and maintain nearly uniform speed without 
being excessively large, the valve must be nicely balanced and 
must move freely. For this purpose it is customary to use piston- 
valves without packing rings; or if rings are used they are set 
at a determined diameter. Sometimes the packing- rings are 
transferred to the valve-seat and can be adjusted to the valve. 
If a flat valve is used, it is made double-faced, and runs betv^een a 
fi.xed seat and a parallel plate or adjustable outside seat, so that 
it acts much like a piston-valve. Preferably the valve should 
take steam in the middle so that the valve- spindle shall run in 
exhaust-steam and be easier to keep tight without excessive 
pressure on the packing. 

Shifting Eccentric with Variable Lead. — A shifting eccentric, 
like that shown by Fig. i, PI. X, may be used for reversing an 
engine, and it possesses also the property of giving a variable 
cut-off. The eccentric is swung on a pivot (located at S on the 
diagram) which is carried by an arm keyed to the shaft, and it 
is slotted to clear the shaft; the angle OSO' is made equal to 
ESE, so that the centre of the eccentric may be brought to the 
point E when the engine is reversed. Let the lap of the valve 
be equal to Oh\ then the displacement of the valve when the 
engine is on a dead-point is Oa, found by drawing the vertical 
EaE, and the lead is la. 

In Fig. 2 the valve-circlc OP represents the valve-motion 
when the eccentric-centre is at E. The cut-off occurs at the 
crank-position OR, or at the pibton-displacement xa, assuming 
harmonic motion; with crank and connccting-rod the piston- 
displacement will be longer at the forward-stroke cut-off, and 
shorter at the return-stroke cut-off, but in such case xa is nearly 
the mean for the two strokes. When reversed the motion of 
the valve will be represented by the dotted vah e-circle OP'. 
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Suppose, now, that the eccentric-centre is shifted to £i, Fig. 
i; the angular advance is YOEu and the eccentricity is 0£i. 
The .valve-circle OPi will represent the motion of the valve; it 
has the angle YOPi equal to the angular advance, and the 
diameter OP\ equal to the eccentricity when the eccentric -circle 
is at £i, Fig. i. The point Pi is evidently on an arc of a centre 
having its centre on XOX' produced, and drawn with a radius 
equal to ES, Fig. i. In like manner the valve-circles OP 2 and 
OPo represent the motion given to the valve when the centre 
of the eccentric is at £2 and at Eq, respectively. The piston- 
displacement at cut-off for the valve-circle OPi is xai ; the cut-off 
for the valve-circle OP2 is at ^2, and for the valve-circle OPq 
is at ao- Thus it appears that the cut-off may be made to vary 
from the piston-displacement xa to the piston-displacement xao\ 
that is, from | to of the stroke. All the other events of the 
stroke, namely, compression, release and admission, vary at the 
same time as the cut-off, and in a similar manner, though to a 
less degree. Of these other events, the admission varies the least; 
an examination of the figure will show that the lead-angle increases 
from about 2® to about 40°. The lead increases from ba to hEo, 
Fig. I, and the increase is as clearly shown by Fig. 2. An arc 
representing the exhaust-lap would, if drawn, show the change 
of release and compression; it is omitted to avoid further com- 
plexity. Such an arc would show that the compression varies 
less than the cut-off, and that the release varies more than the 
admission. It is apparent that the increase of the lead depends 
on the radius SE (Fig. i) of the arc on which the eccentric- 
centre moves, and may be diminished by moving the pivot S 
away from the axis of the shaft. 

The gear is said to be in full-gear forward when the eccen- 
tric is at OEj Fig. i, and at full-gear backing when the eccen- 
tric is at OE. When the eccentric is at OEq the gear is said 
to be at mid-gear; intermediate positions may be called grades. 
An examination of Fig. 2 will show that, since the centre of the 
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valve-circle OPo, is on the axis XOX', the crank-angle at admis- 
sion is equal to the crank-angle at cut-off, and this, with other 
considerations, will indicate that the mid-gear position of the 
eccentric does not give proper motion of the valve for either 
forward or backward motion of the engine. 

Fig. 2 , Plate XI, gives the valve-diagrams for the eccentric 
controlled by the shaft-governor shown by Fig. i, but drawn 
to eight times as large a scale. Since this engine always runs in 
the same direction, only one set of valve-diagrams is drawn 
(above the axis XX'), and the eccentric is slotted only enough 
to allow for a corresponding shifting of the eccentric. 

The action of the reciprocating parts of a high-speed engine 
is of great importance. A considerable part of the work of 
the steam is expended in imparting motion to the reciprocating 
parts during the first half of the stroke, and this stored energy 
is restored during the second half of the stroke, as the recipro- 
cating parts come to rest. In order that they may come to rest 
quietly at the end of the stroke, the piston should be cushioned 
by compression. Now, a valve that gives a variable cut-off 
and a variable compression is likely to have too little com- 
pression at full-gear and too much at short cut-off. An engine 
with a large clearance will suffer less from this difficulty than one 
with a small clearance; consequently the clearance of high- 
speed engines with shaft -governors is often made large, but a 
large clearance is not conducive to economy in the use of steam. 
Now, lead may act like compression, to stop the reciprocating 
parts, so that in general the more compression an engine has the 
less lead it may need. But it has just been seen that the shift- 
ing eccentric, shown on Plate X, gives an increasing lead toward 
mid-gear, that is, at the time when it may be least needed on a 
stationar}’ engine. Had the pivot 5 been placed on the opposite 
side of the shaft, then the lead would have decreased toward 
mid-gear. Fig. i, PI. XII, gives the valve-diagrams for such an 
eccentric. 
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Shifting Eccentric with Constant Lead. — Fig. 2, PL XII, 
shows an eccentric that has a motion square across the shaft, 
thus carrying the centre of the eccentric on the straight line 
EEqE' from full-gear forward to full-gear backing. It is at once 
apparent that the lead is constant. Fig. 3 gives the valve- 
diagrams for the full-gear, mid-gear, and two intermediate 
grades. Though the lead is constant, the lead-angle is not so; 
a comparison with Fig. 2, PL X, will show that the variation 
of the lead-angle is not so much as that for an eccentric with 
increasing lead, but it is more than for an eccentric with de- 
creasing lead, as may be seen by a comparison with Fig. i, 
PL XII. 

A shifting eccentric with constant lead must be slotted to 
clear the shaft; the line 00 ' is made equal to EE', in order 
that E may pass to E' when the engine is reversed. If the 
engine runs always in one direction, the slot, from centre to 
centre, may be only as long as EEq. 

The mechanism for guiding a shifting eccentric along a straight 
line is more con: plicated than that for guiding such an eccentric 
on the arc of a circle and consequently that form has been but 
little used. 

The shifting eccentric accomplishes nearly the same result 
as the link-motion, to be described in the next chapter, but with 
fewer parts and by a more evident action; it is consequently 
desirable that it shall be clearly understood* before beginning 
that chapter. 



CHAPTER IIL 


LINK-MOTION. 

The valves of locomotives, marine engines, and other re- 
versing engines are commonly controlled by a mechanism 
called a link-motion; this mechanism has also the property 
-of giving a variable cut-off. The mechanism consists essen- 
tially of two eccentrics, one for full-gear forward and one for 
full-gear backing, together with the eccentric-rods and the link. 
The eccentric-rods are attached to the link, at or near the ends, 
and the link is slotted or otherwise arranged to receive a block 
on the end of the valve-spindle, or a radius-rod, or on the end of 
a rocker, as the case may be. The link-motion takes two forms; 
in one, known as the Stevenson or shifting link, the link is 
moved on the block to reverse the engine or to vary the cut-off ; 
in the other, known as the Gooch or stationary link, the block 
is moved in the link to accomplish the same object. 

Stephenson Link. — ^The usual form of link-motion for Ameri- 
can locomotives is shown by Figs, i and 2, PI. XIII. The valve 
is moved through a rocker so that the eccentrics follow the crank; 
thus, the centre of the crank-pin is at C, and the go-ahead eccen- 
tric has its centre at £, while the backing eccentric centre is at 
The link-pins P and P', to which the eccentric-rods are 
attached, are set back from the link-arc, and the link may move 
over the link-block B so far as to bring the centre of the block 
opposite the centre of the link-pin, as shown by Fig. i ; in which 
position the motion of the valve is controlled almost entirely by 
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the eccentric E, and has essentially the motion of a plain slide- 
valve. The link is suspended by a link or hanger, nmo, from a 
reverse-shaft centred at 5 ; the hanger takes hold of the saddle- 
pin Wo on a plate that is commonly at the middle of the link. 

A locomotive has two cylinders, with pistons acting on two- 
cranks set at a right angle, and thus has two engines each of 
which must be provided with its own link-motion. Both links 
are suspended from one reverse-shaft, which has an arm SR 
from which a rod runs to a reverse-lever conveniently located 
in the engineer’s cab. The reverse-lever moves over a notched 
arc, and by aid of a latch engaging with the notches the link 
may be set and secured in any desired position. 

Fig. 2, PI. XIII, gives an end elevation of the link, the 
hanger, and one arm of the rocker carrying the link-block B. 

English locomotives commonly have the link acting directly 
on the valve-spindle, without the intervention of a rocker. In 
such case the link-pins should be placed on the link-arc, as 
shown by Fig. 3, PL XIII, and with that construction the link- 
block cannot be opposite one of the link-pins and cannot receive 
the full motion of the eccentric. Consequently the eccentricity, 
and with it all the dimentions of the link-motion, must be larger 
to give proper motion to the valve. 

The link-motion for the high-pressure cylinder of one of 
the engines of the U. S. S. Maine is shown by the figures on 
Plate XIV. The parts arc lettered as on Plate XIII, and, 
although no rocker is used, the eccentrics follow the crank, 
as the valve takes steam in the middle; thus E and £' are 
the centres of the eccentrics, and P and P' arc the link-pins, 
which in this case are on the link-arc; S is the reverse- sluifl, 
and NP is the drag-link or bridle which takes hold of the 
go-ahead link-pin. The link, which is known as the Scotch or 
side-bar link, is shown in plan by Fig. 2. The link-block 
between the side- bars, and is pivoted directly on the end of the 
valve-spindle; thus the link can be set so that the axis of the 
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link-pin coincides with that of the link-block pivot, and the 
full motion of the eccentric can be given to the valve. The 
head of the valve-spindle is guided by cast-iron jaws, as shown 
in Fig. I. The end of the reverse-arm is slotted and provided 
with a sliding-block, screw and hand-wheel, as shown, so that 
the cut-off may be adjusted in a manner to be described later. 

Open Rods and Crossed Rods. — If the eccentric-rods of a 
link-motion are connected as shown in Fig. i, PI. XV, the 
rods are said to be open; on the other hand, the rods are said 
to be crossed when connected as shown by Fig. 2. In both 
figures the crank is on the crank-end dead-point, and the valve- 
gear has no rocker. A link-motion with a rocker is said to 
have open rods when the eccentric-rods are connected as shown 
by Fig. 3; aTb is the rocker, and he the valve-spindle; the crank 
is on the head-end dead-point. If the link-motion moves a 
piston-valve which takes steam in the middle it will have open 
rods when the parts have the relation of Fig. 3, without a rocker. 
In all these figures the link-pins are on the link-arc. Since half a 
revolution will apparently cross the rods for Figs, i and 3, while it 
will apparently open the rods for Fig. 2, the nomenclature seems to 
be unfortunate. There is, however, a real difference in the meth- 
ods of the connection of the rods, and that difference has an impor- 
tant influence on the action of the valve, for open rods give an 
increasing lead from full toward mid gear, while crossed rods 
give a decreasing lead from full toward mid gear. All arrange- 
ments which give increasing lead toward mid-gear are classed with 
open rods. In Fig. i, the full lines Epo, Fpo', and the arc popo/ 
show the eccentric-rods and the arc of the link at mid-gear, v hile the 
thin lines Ec, Fp', and the arc c/, show them at full-gear forward. 
Since the valve and valve-rod have the same motion as the link- 
block, it will be sufficient to trace the motion of the latter. At lull- 
gear the link-block will be at c, found by intersecting the lire of 
centres with £ as a centre, and with a radius equal to the length 
of the eccentric-rod. The eccentric-pin p' is located by draw- 
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ing arcs from £' and c, with the lengths of the eccentric-rod 
and the length of the link as radii. At mid-gear the link-block 
is at Co] the points po and po' are at a distance from the centre- 
line OX, equal to half the chord of the link-arc, and the link 
is erect. The increase of lead from full-gear to mid-gear, ccq, is 
apparent from the diagram. A similar construction in Fig. 
2 shows the decrease of lead from full-gear toward mid-gear for 
crossed rods. In the figure the decrease is greater than the full- 
gear lead, so that the valve is shut at the dead-point when the 
link is at mid-gear. 

Long and Short Rods. — The variation of lead from full- 
gear toward mid-gear is due to the curvature of the link-arc, 
and is more pronounced for a link with short radius than for one 
with long radius; now the radius of the link-arc is usually equal 
to the length of the eccentric-rod, hence the variation is more for 
short than for long rods. In Fig. i, PI. XV, it is apparent that 
c"co" is greater than cco; a similar construction will show that 
the decrease of the lead from full-gear to mid-gear for crossed 
rods is more marked for short than for long rods. 

Radius of the Link-arc . — An analytical discussion (see Appen- 
dix) of the link-motion shows that the radius of the link-arc 
should be equal to the length of the eccentric-rod; if the link- 
pins are on the link-arc, then the radius should be the distance 
from the centre of the eccentric to the link-pin; but if the pins 
are back of the arc, the radius is the distance from the centre of 
the eccentric to the link- arc, i.e., the length of the rod plus the 
distance the pins are back of the arc. The same discussion estab- 
lishes also the fact that open rods give increasing lead, and that 
crossed rods give decreasing lead, from full-gear toward mid-gear; 
but the demonstrations given are believed to be useful, and a sim- 
ilar demonstration will be given of the proper radius for the arc. 

In Fig. I, PL XV, the link-block is at c at full-gear when 
the crank is on the crank-end dead-point; when the crank is 
on the head-end dead-point a similar construction will give for 
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the position of the Knk-block the point d. The point 0, half- 
way between c and d, corresponds to the mid-position of the 
valve, and from 0 the lap on, on' may be laid off on each side, 
giving nc—n'd for the lead. At mid-gear the head-end lead 
is nco, and a similar construction for the crank-end dead-point 
will give n'co'=nco for the crank-end mid-gear lead. If now 
a diagram is drawn for some intermediate gear of the link, it 
will be found that the lead is the same at the two ends, and that 
it is intermediate between nc and nco. Fig. i is drawn with 
the radius of the link-arc equal to the length of the eccentric- 
rod, and any diagram drawn with dimensions chosen at random 
will in like manner show equal leads under like conditions. 
Constructions for a link with crossed rods will also show' equal 
leads if the radius of the link-arc is equal to the length of the 
eccentric-rod. Consequently, it may be inferred that the one 
requirement jor equal leads is that given, i.e., that the radius 
of the link-arc shall he equal to the length of the eccentric-rods. 
A natural inference is that any other radius for the link-arc will 
give unequal leads for some grades of the link, and such will be 
found to be the case if constructions are made. 

Zeimer’s Diagram.— The best idea of the nature of the motion 
given by a link to a valve is obtained by drawing a series of valve- 
diagrams like those for a shifting eccentric. An analytical proof 
that such diagrams properly represent the motion of the valve 
will be found in the appendix. An approximate construction 
sufficient for the purpose can be made in the following manner. 
First draw a diagram like Fig. i, PI. XV, showing the link 
full-gear and in mid-gear and measure the difference in lead in 
these two positions. Next draw a pair of axes, XOX' and OF, 
as in Fig. 4, PI. XVI, and draw the full-gear valve-circle OP. 
Drop the perpendicular Pq onto the axis XX' and draw' the 
lap-arc nn" with the proper full-gear lead, qn. Lay off the increase 
of lead qPo, as determined from Fig. i, PI. XV, and with a centre 
on the axis XX', draw an arc through P and Pq. Choose a 
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point like Pi on this arc and draw the line OPi and on it the 
valve- circle OPi; it will exhibit the action of the valve for the 
corresponding intermediate grade of the link. A number of 
important facts concerning the general action of a valve controlled 
by a link-motion can be inferred directly from such a diagram. 
If be taken to represent the path of the crank (drawn to 

a different scale), then the mean piston-displacement at cut-off for 
full-gear is xa, about H of fbe stroke. For the grade OPi the 
piston-position at cut-off will be xai, somewhat more than §of the 
stroke, but the maximum port-opening decreases to less than half 
that at full-gear, while the lead is nearly as much as at mid-gear. 
The grade represented by OP2 gives cut-off just before half- 
stroke and a port-opening less than a quarter as much as at full- 
gear. These two features, the increase of lead and decrease of 
port-opening are the most striking features of the action of a 
valve which is controlled by a link-motion with open rods. A 
link-motion with crossed rods will, of course, show a decreasing 
lead toward mid-gear, but it will have much the same notable 
decrease of port-opening. 

If a diagram like Fig. 4, PL XVI, is drawn, but with a larger 
angular advance and larger steam-lap, it will show a better port- 
opening at an early cut-off, but the maximum cut-off corresponding 
to full-gear of the link will be correspondingly reduced. A 
careful study of such diagrams will give a broader and clearer 
idea of the essential properties of the link-motion than any work 
with a model or with complete diagrams of the gear. Unfor- 
tunately the inequalities which it is customary and desirable to 
introduce into the valve-motion by the waiy the link is suspended, 
make it impossible to design a link-motion by such diagrams alone; 
the complete design can be best made by aid of a skeleton wooden 
model to be described on page 64. 

Gooch Link. — Fig. i, PI. XVIII, show^s the Gooch or sta- 
tionary link, as applied to locomotive engines. E and E' are 
the forward and backing eccentrics, from which the eccentric 
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rods lead to the link-pins P and F'. The link is suspended by 
the rod mn, from a fixed pivot n, and has its convex side turned 
toward the axle O. The link-block B is carried by a radius- 
rod BD, which is connected directly to the head of the valve- 
spindle at D. By means of a reverse-arm ST and hanger TV, 
the engineer may place the link-block B opposite the link-pin 
P for full-gear forward, opposite the link-pin P' for full-gear 
backing, or at any intermediate position. The action of this 
link-motion is therefore equivalent to that of the Stephenson 
link-motion. The details of the mechanism are varied some- 
what by different makers. In the figure the link is suspended 
from a saddle-pin on or near the chord joining the ends of the 
link-arc; and for this purpose a plate or bridge similar to that 
shown by Fig. 2, PI. XIII, is employed which permits the passage 
of the link-block. The saddle-pin is sometimes placed behind 
the link-arc toward O, so as to avoid the use of a plate or bridge. 
The link-pins are placed behind the link-arc to allow the link- 
block to be brought opposite the link-pins. They may be placed 
on the link-arc, using a link like that showm by Fig. 3, PI. XIII, 
but turned so that the convex side is toward the axle 0; in which 
case the full action of the eccentric cannot be given to the valve. 
Sometimes a box-link, shown by Fig. 3, PI" XVIII, is used, 
and then the saddle-pin and link-pins may be placed in any 
desired positions without interfering with the link-block; this 
device is equivalent to the side-bar link shown on Plate XIV. 

Open and Crossed Rods.— As was found to Ido the case with 
the Stephenson link, the rods of the Gooch link may be open 
or crossed. Fig. i, PI- XVIII, has open rods, and Fig. 2, PL 
XVI 1, has crossed rods. 

Radius of the Link-arc.— The common and proper practice 
is to make the radius of the link-arc equal to the length of the 
radius- rod; and when so made the lead is constant for all grades 
of the link. This property is at once evident from inspection 
of Fig. I, PL XVIII, and Fig. 2, PL -XVII, one having open and 
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the other crossed rods; for it will be seen that when the engine 
is at a dead-point and the link is erect, the link-block may be 
moved from one end of the link-arc to the other without moving 
the valve. 

Comparison of the Stephenson and Gooch Links . — K com- 
parison of the link-motions on Plates XIII and XIV with that 
on Plate XVIII will show that the Gooch link-motion has more 
parts and more joints at which lost motion will result from wear, 
and that it occupies nearly twice the longitudinal space required 
for a Stephenson link-motion. As an offset may be urged its 
property of giving a constant lead. The choice of a link-motion 
for a specific purpose must depend on the importance that should 
be attached to any given feature of the gear under the given 
conditions. With proper proportions either gear can be made 
to give the valve a nearly harmonic motion, or, with proper 
modifications, either gear may be adjusted to give an equalized 
cut-off; from this point of view neither appears to have an ad- 
vantage. 

Locomotive Link-motion. — ^Reversing engines are of two 
types, locomotive engines and marine engines; the conditions 
of their service are so different as to merit detailed discussion. 
Some stationary engines are reversing engines, and are controlled 
by hand instead of by a governor; for examples may be men- 
tioned winding and hoisting engines, and engines for driving 
reversing roll-trains. According to the conditions of their use 
they will fall into one or other of the two classes mentioned, or 
may partake of the characteristics of both. 

In starting a railway train, the link-motion is thrown into 
full-gear forwards, and should then give a long cut-off, so that, 
with the throttle- valve i)artially open, a moderate and steady 
force may be exerted on the driving-wheels to overcome the 
friction of, and impart motion to, the train, without sli[)ping 
the wheels on the track. The lead may properly be small at 
full-gear, and is sometimes zero or even negative. As the train 
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gets under way and the revolutions per minute become high, 
the action of the reciprocating parts becomes important; just 
as was seen to be the case for a high-speed stationary engine 
(see page 45), there must be a considerable amoimt of compres- 
sion in order that the engine may run smoothly. An early ad- 
mission and release are also desirable in order that the steam 
may be supplied and exhausted freely. All these conditions 
are met by raising the Stephenson Imk toward mid-gear and 
opening the throttle- valve, and at the same time the economic 
advantage _of the expansive working of steam can be obtained. 

American and English locomotive-designers have used the 
Stephenson link-motion, while Continental designers have used 
the Gooch link quite widely. In American practice the cylin- 
ders are commonly placed outside of the locomotive-frames, 
with the valve-chest on top; the link-motions are placed be- 
tween the frames and act on the valve through a rocker, as 
has already been shown on Plate XIII. English locomotives 
frequently have the cylinders inside the frames, and the valve- 
chests are on the sides of the cylinders and under the smoke- 
box; the link-motions then act directly on the valve-spindle, 
using a link like that shown by Fig. 3, Plate XIII. When the 
Continental locomotive designers use the Gooch link-motion, 
they place it outside the drivers, and so readily find room for 
eccentric-rods and radius-rod. Such a disposal of the valve- 
gear keeps it in sight where it may receive attention, but does 
not meet with favor among American and English engineers, 
since it is liable to derangement from slight accidents. 

Locomotive link-motions have the pin> and other smaller 
wearing parts made of hard steel, the link is case-hardened, 
and the eccentric-rods are bushed vith steel; the eccentrics 
and straps arc the only exception to the rule that all the wear- 
ing parts arc made as hard as possible. With the exception of 
the eccentric-straps, no provision is made for taking up wear; 
when the looseness becomes excessive the vhole gear (j\er- 
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hauled, and new pins and bushings provided if necessary. The 
reason for this practice is twofold: first, the complication of 
adjustable parts is avoided; second, the gear is unavoidably 
exposed to dirt and grit, and when grit gets into a joint between 
a hard and a soft metal, it becomes embedded in the latter and 
rapidly abrades the hard surface. The custom is to equalize 
the cut-off by a method that gives a good deal of slipping of 
the block in the link, but as both link and block are hard, and 
the cut-off is continually varying, this practice is not so ob- 
jectionable as it would be on a marine-engine link-motion. 

Marine Link-motions. — At the present time marine engines are 
commonly compound or triple-expansion, and the link-motions 
are used only for reversing the engine, the reverse-arc having 
only three notches, full-gear forward, full-gear backing, and mid- 
gear. Crossed rods may be used to advantage, for then the engine 
can be stopped by setting the link at mid-gear. In this con- 
nection it may be remarked that an engine controlled by a 
Stephenson link-motion with open rods will not necessarily stop 
when the link is placed in mid-gear, provided the engine is run- 
ning under no load or a very light load; though the engine will not 
start with the link in that position. The normal condition for a 
marine engine is to run at full speed and under a full load, and 
when the speed decreases the load falls off rapidly. The result of 
an attempt to adjust the steam-supply to a smaller load, by 
shifting the link toward mid-gear, ib to give an excessive com- 
pression, and an early release, when the reciprocating parts have 
least effect, and when the reduced quantity of steam is readily 
exhausted. Simple-expansion engines and many compound en- 
gines were provided with an independent cut-off valve on the back 
of the main valve, of a type to be discussed in Chapter V. 

Marine-engine link-motions arc designed to give the re- 
quired cut-off for full load when set at full-gear; as has already 
been said, there is frequently no provision for shortening the cut- 
off as on locomotives- Since the engine is liable to run for days 
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or weeks at full-gear forward, the gear is designed to give very 
little slipping of the block in the link at this position. As the 
gear is large and frequently massive, the complication of making 
the wearing parts adjustable is not objectionable; and as the en- 
gine works in a closed engine-room, there is no reason why grit 
should get into the wearing surfaces, which may therefore be lined 
with soft metal when that is desirable. 

Modification of the Link-motion. — ^In the analytical discus- 
sion of link-motions it is supposed that the arrangement of 
the parts and the choice of dimensions are such as to give a 
nearly harmonic motion to the valve. In both the Stephenson 
and the Gooch link-motions the link-pins are supposed to be on 
the link-arc; in the first the radius of the link-arc is assumed to 
be equal to the length of the eccentric-rod, and in the second it 
is assumed to be equal to the length of the radius-rod. It is, how- 
ever, possible, by modifying some of the arrangements, to obtain 
certain desired effects, such as the equalization of the cut-off, 
without sacrificing the equality of the leads. The effect of some 
of the modifications can be proved, or at least inferred, from the 
diagram of the link-motion; but since they are in the nature of 
adjustments and must in any case be worked out by trial, it will 
be sufficient to state some of them for the Stephenson link-motion. 

Link-pins. — The link-pins of a Stephenson link-motion ivith 
a rocker may advantageously be placed back of the link-arc; 
without a rocker they should be on the link-arc, or they may be 
placed ahead of the arc if mechanical difficulties do not interfere. 

Saddle-pin. — By proper location of the saddle-pin, or the 
point of the attachment of the hanger or bridle, it is possible to 
equalize the cut-off at any point of the stroke both in forward 
and backing gears. This element of link-motion is by far the most 
effective, for good or evil, of all that the designer has at hi^ con- 
trol, and fortunately he usually has complete control over it. 
If a symmetrical gear is desired, the saddle-pin should be placed 
at the middle of the length of the link; with a rocker it will be 
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back of the link-arc, and without a rocker it will be ahead of the 
link-arc. With proportions common for American locomotives a 
fair action may be had by placing the saddle-pin at the middle of the 
link and one-third way from the chord to the arc. On such loco- 
motives, with a rocker, the slip of the link-block is greater in for- 
ward than in backing gear, when the saddle-pin is at the middle 
of the link; and the forward-gear slip may be diminished by 
placing it nearer the forward-gear link-pin, but this is attained 
at the expense of the symmetry of the gear. Sometimes the link 
is supported from below instead of being suspended from above; 
and in such case the forward-gear slip is less than the slip in 
backing-gear. Links for marine engines, and in English loco- 
motives without a rocker, are frequently suspended by the forward 
link-pins. It is customary to equalize the cut-off at half- stroke, 
or earlier, by a proper location of the saddle-pin; an equalization 
at one-third stroke is recommended. 

Reverse-shaft. — ^The position of the reverse-shaft is often fixed 
or susceptible of but little change. If it can be located at pleasure, 
it may also be used to equalize the cut-off at any point of the stroke.. 
When so used, the location of the reverse-shaft is used to equalize 
the cut-off near the end of the stroke, usually in combination 
with an equalization to the cut-off by the location of the saddle-pin 
at half-stroke or earlier. With a rocker, such a manner of 
locating the reverse-shaft is liable to bring it in conflict with the 
eccentric-rods at one of the full-gear positions. 

Radius of the Link-arc. — It has been shown that the link- 
arc for the Stephenson link should have a radius equal to the 
length of the eccentric-rod, in order that the leads may be equal. 
It may sometimes be desirable to use a different radius to facili- 
tate the equalization of the cut-off. Without a rocker the radius 
may be made greater than the length of the eccentric-rod, and 
with a rocker it may be made less. Such a choice of the radius 
of the link-arc will sacrifice the equality of the leads, and the 
deviation from the normal radius must never be enough to badly 
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derange them. In this connection it should be said that the 
lead near mid-gear supplies a large portion of the steam admitted, 
and that the lead at full-gear affects the facility with which the 
engine passes the centres; much inequality in either place is 
undesirable. With open rods the full-gear lead is small, and 
may vary from a certain amount to double that amount, or to 
zero, without serious consequence. At and near mid-gear the 
lead is large, and may vary as much absolutely as at full-gear, 
since that will not be much relatively. 

Any change from the standard radius of link-arc should be 
made by trial with the aid of the model to be described on page 
64. In the use of that model it will be found convenient to start 
with the standard radius and to increase the length of the eccen- 
tric-rods progressively till the desired effect is obtained. After- 
ward the radius of the link-arc may be decreased a like amount 
and a new link-template can be cut and used to determine whether 
the desired results can be attained by using it with the original 
length of eccentric-rods. The reason for this procedure will be 
evident after the model is described, and it will then be evident 
that the length of the rod can be readily varied while a change 
of radius of the link-arc involves the making of a new template. 

The motion of the valve will be more nearly harmonic with 
long rods and with a long link; the first should be twelve times 
and the second four times the eccentricity, or more, except under 
peculiar conditions. A skilful designer may use the inequality 
introduced by short rods or a short link to adjust a link-motion, 
but these dimensions are commonly fixed, and the modification 
of them for that purpose is not in general to be regarded with favor. 

Designing Link-motions. — The de'5ign of a link-motion may 
be divided into two parts; first, the choice of such a type of link- 
motion and such general proportions as will be likely to give a 
satisfactory solution of the problem in hand; and, second, the 
application of modifications and adjustments to give equal ait- 
off, or to reduce the slip, or to produce any other desired effect. 
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The first part of the design may be much aided by the use of 
the Zeuner diagram; the second part is commonly attained either 
by drawing out the link-motion and by making the proper con- 
structions, or by aid of a working model with adjustable parts. 
A combination of the methods of drawing and using a mode], 
combining certain advantages of each, will be explained later. 
The first part of the design is often so fixed by the requirements 
of the general design of the engine, or by custom, that it is liable 
to be neglected. 

Marine-engine Link-motions. — ^As has already been stated, 
the link-motions of modem marine engines are commonly used 
for reversing only, and not for regulating the power of the engine. 
Since the Stephenson link-motion at full-gear acts like a plain 
slide-valve gear, the determination of the eccentricity and angu- 
lar advance and the design of the valve may be carried out by 
the methods given in the first chapter. It is customary to make 
the head-end lap greater than the crank-end lap, thereby par- 
tially equalizing the cut-off, and the consequent inequality of 
leads (the crank-end lead being the larger) is a partial compen- 
sation for the longer cut-off at the head-end. In Fig. i, PI. V, 
the only change required is to choose the point of cut-off for both 
forward and return strokes, the former being the longer. 

The link is usually guided by the go-ahead pin, as shown on 
Plate XIV and Plate XIX, both of which represent the link- 
motion of the U. S. S. Maine; though sometimes a point beyond 
the link-pin, or a point at the middle of the link, is chosen. This 
particular link-motion actuates a piston-valve like that shown by 
Fig. I, PL VII, which takes steam in the middle anfl exhausts at 
the ends. Consequently the motion of the valve is in the oppo- 
site direction from that of a plain slide-valve, and the general 
effect is like that produced by moving a valve through a rocker; 
the eccentric follows the crank, and the rods arc crossed, as shown 
on Plate XIV and Plate XIX. Let p and P be tlie positions of 
the go-ahead link-pin when the crank is on crank-end and head- 
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end dead-points respectively; then with p and Pas centres and 
with a radius equal to the length of the bridle, arcs are struck 
intersecting at iV, which is one extreme position of the end of 
the reverse-shaft arm. The length of the bridle is such that the 
arc aPpai nearly coincides with the line XZ', and the slipping 
of the link-block is small; the arc aai is extended both ways for 
sake of clearness in the diagram. 

The location of the reverse-shaft may now be made either 
to give the backing action symmetrical with the forward action 
of the link, or to reduce the slip in backing-gear. 

Symmetrical Action. — Let it be assumed that the backing link- 
pin shall be guided to the points P and p, when the engine is 
on the dead-points; then the go-ahead link-pin will be found at 
P\ and pi. With these points as centres and with the length of 
the bridle for a radius, draw arcs intersecting at 71; and with N 
and n as centres and with the length of the reverse-shaft arm as a 
radius, draw arcs intersecting at S: the last point is the desired 
location of the reverse- shaft. 

Reduction of the Slip. — In full-gear forw^ard the go-ahead 
link-pin moves on the arc aci, and the backing link-pin describes 
an elongated looped figure, of which the upper loop is quite 
small; P' and p' are two points on the larger loop. If now 
the link be thrown into full-gear backing, and if the backing 
link-pin be made to move on the line XX\ then the go-ahead 
link-pin will describe a looped figure of which Pi and pi are 
two points. To draw the looped figure, let C be a given position 
of the crank, and let E and P' be the corresponding positions 
of the eccentric -centres; with E' as a centre and with the length 
of the eccentric -rod for a radius, cut the line at P, w’ith E 
as a centre and with the same radius draw an arc and intersect 
it with another arc drawm from P and with the length of the link 
between the ])ins for a radius; then Pi at the intersection of the 
two last arcs is one point on the looped figure. To find other points 
make the same construction for a sufficient number of crank- 
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positions, say twelve, at equal intervals around the circle described 
by the crank-pin. 

Find by trial a centre no^ from which, with a radius equal 
to the length of the bridle, the arc tti may be drawn through 
the middle of the looped figure. Then with a radius equal to 
the length of the reverse-arm, draw arcs intersecting at So; this 
is the location of the reverse-shaft for giving as small a slip as 
possible in full-gear backing. With this construction the go- 
ahead link-pin describes the arc th when the link is in full-gear, 
and at the same time the backing link-pin describes a looped 
figure similar to the one at P'p\ and lying partially on one side and 
partially on the other side of the line XX' near Pp. The link- 
block will slip in the link an amount nearly equal to the width of 
the looped figure Pipi, measured on a radial line from no] the 
exact amount of slip can be found by drawing the true looped 
figure near Pp; it is omitted in the diagram to avoid confusion. 
It is evident that the slip of the link-block will be greater if the 
construction for symmetrical action resulting in the location of 
the reverse-shaft at S, should be used. In that case the slip 
is nearly equal to the total deviation of the looped figure Pipi 
from the arc through Pipi; it can be found by drawing the true 
looped figure near Pp when the path of the go-ahead link-pin is 
the arc P\p\. 

Adjusting the Cut-off. — The distribution of work among 
the cylinders of a compound or miilliplc-cxpansion engine de- 
pends on the ratio of the volumes of the cylinders and on the 
cut-off for the several cylinders. If the distribution of the work 
is not satisfactory when all the links arc set at full-gear, it may 
be adjusted, or at any rate it may be improved by shortening the 
cut-off on one or more of the cylinders. On recent marine engines 
which have only three notches on the reverse-arc, namely, full- 
gear forward, full-gear backing, and mid-gear, a device known 
as a gag is put on the end of the reverse-arm for this purpose. 
The rod of the bridle is carried by a block N (Fig. i, PI. XIV), 
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which may be moved in a slot NM in the end of the reverse- 
shaft arm, by aid of a screw and hand-wheel, and thus the link 
may be moved toward mid-gear and the cut-off may be shortened. 

The construction of the gag for the link-motion shown on 
PI. XIV is found on PL XIX. A line (not shown on the diagram) 
is to be drawn midway between nPi and and perpendicular 
thereto is drawn the line nm\ this is chosen as the centre-line of 
the slot and screw NM, Fig. i, PL XIV. In fuU-gear forward 
the centre-line of the slot and screw is at MN, which makes an 
angle of about 7® with a line midway between NP and Np. 
It is apparent that when the block N is moved toward M, 
PL XIV, the cut-off is shortened for forward gear without appre- 
ciably changing the method of supporting the link-motion, while 
in backing gear the cut-off is not affected. This construction is 
commonly found for engines that back only occasionally, but 
for engines, like those for double-ended ferry-boats, which run 
one way as much as the other, it is desirable to shorten the 
cut-off equally in forward and in backing gear. For this pur- 
pose the line of the slot in the gag can be set at NM^ and will 
come to nmf in backing gear, the position of those lines being 
found by trial so that the angle which NM^ makes with a line 
mid- way between PN and pn, shall be equal to 180° minus the 
angle which nm! makes with a line midway between Pin and 
Pin. But this latter construction modifies appreciably the gen- 
eral method of guiding the link and there is likely to result a 
considerable interference with the harmonic motion of the valve. 

Locomotive Link-motions. — In American practice the link- 
motion is set to give equal lead at full-gear, and is adjusted to 
give equal cut-off; the reduction of slip being considered to be 
of less importance, though it is not to be neglected. The ad- 
justment of the cut-off is made by aid of a model with adjustable 
parts, by aid of which an experienced designer can readily work 
out a satisfactory motion, or at any rate as good a motion as 
the conditions will allow. 
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In equalizing the cut-off, it is to be borne in mind that any 
irregularity at short cut-off is of much more importance than 
at long cut-off, since the amount of steam admitted to the cylin- 
der is nearly proportional to the length of the cut-off, and the 
work varies with the amount of steam admitted. Thus an 
inequality of half an inch in six inches is while half an inch 
in eighteen inches is only 

The full-gear or maximum cut-off varies with the condi- 
tions of the service and the judgment of the designer from | 
to H of the stroke. When an engine, for example, one in passen- 
ger service, is to be run at high speed and with a short cut-off, 
it is advisable to make the full-gear cut-off as short as the ready 
handling of the engine, when starting, will permit, in order that 
a favorable action of the valve may be obtained at short cut-off. 
This will be made clear by a comparison of Fig. 4, PI. XVI, in 
which the maximum cut-off is at | of the stroke, with Fig. i, PI. 
XX, in which the maximum cut-off is at f of the stroke ; the diam- 
eters of the full-gear valve-circles are the same. In each figure OPi 
is the valve-circle for the link-block half-way between the link- 
pin and the saddle-pin. In Fig. 4, PI. XVI, OPi has a diameter 
of of an inch, gives a maximum port-opening of of an 
inch, and the cut-off occurs at 0.70 of the stroke. In Fig. i, 
PI. XX, the cut-off occurs at 0.55 of the stroke, the diameter 
of OPi is ih of an inch, and the maximum port-opening is again 

of an inch. The comparison also shows the importance of 
the first part of the design of a link-motion, mentioned on page 59, 
and the advantage of using Zeuner^s diagram for that purpose. 

Skeleton Model. — The author has found that a skeleton 
model, such as is shown on PI. XX, can be used with advan- 
tage in laying out and adjusting a link-motion. It consists of 
a piece shown by Fig. 3 to represent the crank and eccentrics, 
of a template shown by Fig. 4 to represent the link, and of rods 
to represent the eccentric- rods, the hanger and the reverse-sha't 
arm, together with screws and washers to make attachments 
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The several parts may be made of any fine-grained hard wood, 
such as mahogany or cherry. Fig. 5 shows one of the joints with 
a thick wooden washer, as at the eccentric-centre e', Fig. 2. A 
wood screw of proper size is cut off so that it may not protrude 
through the plate into which it is set. The hole at h for the 
screw is drilled a trifle smaller than the shank of the screw at 
the bottom of the threads, and a pointed screw like the one to be 
used is run through to cut a thread in the hole. The hole in 
the washer c may be an easy fit for the screw, while the hole 
in the rod d is a snug fit for the body of the screw under the head. 
The countersunk hole in the rod d should be made with a tool, 
like a machinist’s countersink, but with the cutting edges sharper. 
One size of wood screw may be used to fasten all the joints of 
the model, and two drills should be carefully selected, one to 
drill a hole into which the body of the screw will fit snugly, and 
the other to drill a hole in like manner for the shank at the 
bottom of the screw-threads. A steel jig should be made to 
guide the drills and keep them from running to one side while 
drilling the holes in the wooden members of the model. For 
this purpose take a piece of steel, about if inches long, half an 
inch wide, and one-eighth of an inch thick. Draw a line through 
the middle of the face of the jig and transverse lines about a quarter 
of an inch from each end; continue all lines down the edges of 
the jig to the opposite side to aid in setting the jig. Drill 
holes at the intersection of the longitudinal and transverse lines, 
one for the larger and the other for the smaller drill. Any hole 
for a screw will be located on the member of the template by 
perpendicular lines to which the jig may be set; after the jig ib set 
and clamped in place the hole is to be drilled carefully in a lathe or a 
sensitive drill-press. This method is susceptible of great accuracy 
and delicacy and its success depends in the first place on the ex- 
actness with wdiich the model is laid out and assembled and in the 
second place on the intelligence and skill with which it is used. 

In anticipation of laying out liic model, a Zeuner's diagram 
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should be drawn as in Fig. i ; in which the full-gear valve-circle 
OP is laid out as for a plain slide-valve to give the lead-angle 
XOA and the cut-off at OPi, corresponding to the piston-posi- 
tion a, on the assumption of harmonic motion. As was found 
to be the case for a plain slide-valve, it may be necessary to 
modify and redraw the full-gear valve-circle in order to get a 
desired lead and lap. The diameter of the mid-gear valve- 
circle may be determined by the graphical method of page 51, 
and then the locus PP1P2P0 of the end of the valve-circle 
diameters may be drawn as the arc of a circle centred on the 
line XX . 

Laying out the Model. — Experience has shown that the 
model may be laid out and tested very exactly by the following 
method which should be followed explicitly, at any rate for the 
first time. 

To lay out the crank-dish^ draw a line AB nearly as may 
be across the middle of the wooden template used for this pur- 
pose, as indicated on Fig. i, PI. XX^. Lay off the radius of 
the crank-circle from A and thus locate the centre O of the disk 
and draw a line DON through it perpendicular to AB. It will 
be convenient to take this radius as six inches for a full-size con- 
struction, whatever may be the real stroke of the engine. 

At a distance from O equal to the steam-lap plus the full-gear 
lead drawP'H parallel to DN. With O as a centre and with a 
radius equal to the eccentricity describe arcs cutting E'll at E and 
jE' respectively; they are the eccentric centres. Draw the lines PS 
and RT through E and P' at right angles to //£'; they will be 
required for setting the steel jig when the holes arc drilled at E 
and E', Draw the lines OK and OL from O through E and 
Lay the disk flat on a board and with a steel scale square down 
lines to the under side of the disk from A, B, L and K, Drill 
a large hole for the body of the screw at O and small holes for 
the shank of the screw at E and N. 

To lay out the drawing, stretch a sheet of good drawing-paper, 
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large enough to take the entire construction, or if more con- 
venient stretch two pieces, one for the construction near the crank- 
shaft, and the other for the construction near the link. A full- 
size diagram for the usual American locomotive link-motion 
will require a sheet of paper 54 mches long and 27 inches wide; 
if two pieces are used, that at the crank-shaft may be 14 inches 
square and the other at the link may be 24 inches horizontally 
and 27 inches vertically; in either case the centre-line may be 
about 16 inches below the top of the paper where the link con- 
struction is to be made. 

Place the disk on the paper so that the hole at O shall come 
at the proper location for the centre of the crank-shaft, and 
drive a screw through that hole into the drawing-board; this 
gives the final location of the disk, and, like all the work for this 
use of the model, must be done carefully. Further instruc- 
tions direct the disk to be taken up and afterwards replaced, 
and in like manner certain other parts of the model are assem- 
bled and separated for testing and again put together. If this 
work is done carefully and with discretion, the model when fin- 
ished and ready for use will be free from back-lash and other 
sources of error and will endure much more use than required 
for working out any single problem. It is needless to say that 
haste or carelessness can easily ruin the model at any stage of 
the work. 

Have a strip of wood prepared to clamp to the disk, as shown 
by Fig. 2, PI. XXa, with two holes, one to receive the body 
of the ccrew at £ and another to receive a pencil at Q. The 
latter will be i)laced at a distance from 0 equal to the radius 
of the crank-circle which, as alreadc said, may be 6 inches. 
These holes arc to be laid out and drilled with care according 
to the general directions. The path of the crank-pin can now 
be drawn with this device clamped to the disk and will be 
properly centred. 

Remove the disk and draw the centre-line corresponding to 



68 


y^LyE-GEyiRS FOR STEAM-ENGINES. 


XX\ PI. XX, through the centre of the hole for the screw which 
passed through O in the disk. Having the crank-pin circle 
already drawn, this may be done accurately by choosing one 
point at ^ and locating the other, exactly opposite by spacing 
around the circle with dividers. The line XX' is to be pro- 
duced across the entire drawing by aid of a steel straight-edge, 
or a very fine thread drawn taut across the drawing. With the 
proper ratio of connecting-rod to crank, lay off the stroke xx' and 
locate the one-third stroke marks as indicated for both forward 
and return stroke. It will be convenient at the same time to 
locate the following divisions of the stroke, beginning at x, 
namely: f, f, and or, in place of the latter, the full- 

stroke cut-off as determined by Zeuner’s diagram. 

To test the eccentricity^ make a testing-piece of a strip of wood 
about 8 inches long, drilled to take the body of the screw at E' 
and a pencil at J, as shown by Fig. 3, PI. XXa. Clamp the disk 
in place and turn it until the line OL through E' comes to the 
axis XX' and draw a short arc cutting that axis at J. Apply 
the testing-piece to the eccentric £ and bring the line OK to the 
axis and again draw an arc across the axis; if the arcs coincide, 
the eccentricity is the same for both eccentrics; if not, the disk 
must be laid out and drilled anew. 

To test the angular advance, set the disk w'ith the mark that 
represents the centre of the crank-j)in on the axis -YA'', as indi- 
cated in Fig. 4, PL XXa, and with the testing-piece first on 
E and afterwards on E' dcscrilx' arcs cutting the axis; if the 
intersections coincide, the eccentrics have the same angular ad- 
vance; if not, the disk may be turned by trial until a coincidence 
is secured and the centre-line AB re])resenting the crank may 
be located midway between the eccentrics by marking the point 
on the disk which then comes on the axis. Of course, this method 
should be used only when the discrepancy is small; if it is 
large, the disk must be laid out again from the beginning. 

To lay out the link-template, draw an arc ZZ', Fig. 5, PI. XXa, 
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with beam -compasses, using the proper radius for the link-arc 
and a convenient centre on the axis XX', Place the template 
on the paper in contact with this arc and with its middle point 
on the axis XX', Mark the points q and r on the edge of the 
template and square them up onto the face, then draw the line 
qr on the template. With the centre already used and with a 
radius equal to that of the link-arc minus the distance the link- 
pins are set back from the arc, draw the short arcs yyi and ^2^3 
as shown. Draw two lines parallel to qr and at a distance from 
it equal to half the distance between the link-pins; this can be 
conveniently done by drawing arcs with the proper radius from 
a point near r and another near q. These lines PV and P' 7 ' 
will locate the centres P and P' of the link-pins. Produce 
these lines to the edge of the template and square down to the 
under surface. At P and P' small holes are to be drilled for the 
shanks of the screws. To test the accuracy of this construction 
place the template again in the position showm by Fig. 5 and 
weight it to prevent accidental movement, and then with the 
testing-piece attached first at P and afterwards at P', draw arcs 
intersecting the axis XX' on both sides, as shown. If these inter- 
sections coincide, the link-pins are accurately located; if not, we 
must either relocate qr by trial or reconstruct the location for P 
and P ' ; the latter procedure is to be preferred. 

Saddle-pin block , — While it is possible to locate the saddle- 
pin directly on the link-template, it is convenient to use an adjust- 
able block like that shown by Fig. 6, PI. XXa, which has two 
slots through which round-headed screws with steel washers may 
be passed to clamp it to the link-template. Draw a line pr 
across the face of the block and square down at the -ides to 
the lower surface. At a point about one-fourth of an inch from 
the right-hand end locate a point m for the saddle-pin and drill 
a small hole for the shank of a screw. Place the block on the 
template with pr on the middle line qr of the template and with m 
about half an inch from the link-arc and locate holes for the 
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round-headed clamping-screws so that the block can be moved 
back or forth half an inch. The holes for the clamping-screws 
are then to be drilled and the block clamped temporarily in place. 

Eccentric-rods j hanger and tumbler-arm . — One of the eccentric- 
rods is to be laid out with a length equal to the radius of the 
link-arc minus the distance the link-pins are set back from the 
arc, and then both rods are clamped together and drilled at 
both ends with large holes for the bodies of the screws. 

The hanger is to be laid out with the proper length and drilled 
with a large hole at each end. The tumbler-arm is also to be 
laid out with the proper length and drilled with a small hole 
at one end and a large hole at the other. 

First test o] the model . — ^^\ssemble the crank-disk, link-template 
and eccentric-rods, placing proper wooden washers under the back- 
ing rod, and place the model in its proper location on the drawing- 
board with a screw at O, Fig. 2, PI. XX. To make a preliminary 
test of the model, place the crank-disk with the forv^'ard eccentric at 
its head-end dead-point and place the link-template so that the point 
F (Fig. 5, PL XXa) comes on the axis XX\ and mark that location 
by drawing a small portion of its arc near V across the axis with 
a sharp pencil. Set the same eccentric on the crank-end dead- 
point and repeat the operation. Make the same construction 
with the backing eccentric on the axis. If the arcs thus drawn 
with the two eccentrics on the head-end dead-])oint intersect, and 
those drawn with them on the crank-end dead-point also inter- 
sect, the link-model is satisfactorily laid out and assemlded as 
far as we have gone. 

If this test fails, the trouble may be in one of three jdaces: 
(i) the lengths of the eccentric- rods, (2) the location of the link- 
pins, or (3) on the crank-disk. The rods may be tc'Sled by inter- 
changing them; if they arc found to be right, test the link-tem- 
plate by reversing it; if it also is right the error must be on the 
crank-disk, which must be tested again by the methods already 
given. In all the tests for accuracy, the methods given insure 
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symmetry rather than absolute correctness, namely, such tests 
show that the eccentrics have the same eccentricity and angular 
advance, that the eccentric-rods have equal lengths, and that the 
link-template is symmetrical with regard to its arc and the diam- 
eter at its middle point. These are exactly the properties that 
a link-motion must have in practice; slight variation from abso- 
lute dimensions have trifling effect on the valve-action. 

Full-gear Lead. — Having the model assembled and tested, it 
may now be used to ascertain what method of suspension will 
produce the desired valve-action and to determine completely the 
effects of that action. 

Set the model with the crank at a dead-point, with the crank 
on the axis XX', Plate XX, and with the upper link-pin P on 
the same axis, and draw a short part of the link-arc across the 
axis with a sharp pencil. Place the crank on the other dead- 
point and repeat the operation; this vill locate the points c and c', 
the distance between which should be twice the lap plus twice the 
full-gear lead, as shown on Zeuner’s diagram, Fig. i, PI. XX, 
because the model thus shows twice the valve-displacement from 
mid-position when the engine is on a dead-point. If there is a 
slight discrepancy, it may be neglected; a notable difference will 
demand a reconstruction of the model with stricter regard to 
actual dimensions as well as symmetiy\ 

In this construction it is important that the link-pin P shall 
be placed accurately on the axis XX\ One way is to stretch 
a fine line over the axis across the model and sec that the centre 
of the screw at the point P comes under that line; the incon- 
venience of this method is due to the fact that the eccentric-rod 
may be so placed as to require a long line. Another way 
to draw a perpendicular to XX' near the location of P and on 
it establish two points equidistant from that axis; vith a pair 
of compasses the template may be placed equidistant from these 
reference-marks and consequently exactly on the axis. 

Having located c and c', Fig. 2, PL XX, the distance between 
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them may be bisected and from the middle point o the laps may 
be laid off on either side, these locating the point n and n'. These 
points are very important in the future work with the model 
and it is convenient to locate them by drawing a circle with the 
proper radius from o, as shown to a larger scale by Fig. 7, PL 
XXa; some draughtsmen draw that circle immediately in ink 
to make it distinct. Another circle may be drawn at the same 
time with a radius equal to the exhaust-lap. 

Location of Rocker. — ^The axis of the rocker may be located 
on a line oT perpendicular to XX\ Fig. 2, PL XX; to avoid 
disturbing the motion of the valve at cut-off and admission, T 
may be chosen so that an arc from T with a radius equal to the 
length of the rocker-arm shall pass through n and n' (see also 
Fig. 7, PL XXa). Since the arc through n and n' is short, nearly 
the same result will be obtained if is made directly equal to 
the length of the rocker-arm, but in such case n and will be 
slightly above the axis XX^, 

Location of the Saddle-pin. — As already pointed out the 
location of the saddle-pin is the most important single item in 
a link-motion design, and it is fortunately entirely under the 
control of the designer. A very good action of the valve will 
usually be obtained if the reverse-shaft is so located that its arm 
shall be horizontal when the link is in mid-gear, and if the 
saddle-pin be then located to equalize the cut-off at one-third stroke. 
For this purpose we may proceed as indicated on Plate XX, 
and more distinctly by Fig. 7, PL XXa. First, the model may 
be placed with the crank at R' corresponding to cut-oiT at one- 
third stroke, and the link-template may be moved till its arc 
comes to the point w', which corresponds to a valve-displace- 
ment equal to the steam-lap as should be the case at cut-off. Draw 
a bit of the link-arc and mark the ends of the line 5V, and after 
the model is moved aside draw that line on the paper. Rept‘at 
the operation with the piston at one-third stroke at the oilier 
end of the cylinder and so locate the line qr. With the location 
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of the reverse-shaft already decided upon, the path of the saddle- 
pin while the template moves from j'r' to jr, will be very nearly 
horizontal. Consequently the saddle-pin m may be located on 
7 j XXa, by drawing by trial a horizontal line mmf which 
shall be so placed that inr shall be equal to m'/. Having deter- 
mined this distance, mr or wV, which the saddle-pin shall be 
placed back from the link-arc, the block shown by Fig. 6, PI. XXa, 
may be properly located and clamped to the link-template. 

Location of the Reverse-shaft. — ^The centre of the reverse- 
shaft arm 5 , Fig. 2, PL XX, may now be located as follows: Bisect 
the line mmf (shown also on Fig. 7, PI. XX^) by a line per- 
pendicular to the axis XX' and on it locate No at a distance 
from the axis equal to the length of the hanger; draw NoS parallel 
to the axis and make it equal to the length of the reverse-shaft 
arm. Drill a hole in the drawing-board at 5 and connect up the 
hanger with wooden washers at N and m' to give proper clear- 
ance so that the model may work freely. 

Final Test of Model. — ^Having the model connected, the crank 
should be set to give cut-off at one-third stroke at one end, as at 
i?', Fig. 2, PI. XX; the reverse-shaft arm is to be raised or lowered 
till the link-arc touches the corresponding lap-point w'; place a 
weight on the reverse-shaft arm and turn the model till the link 
touches the other lap-point n\ if the crank is now at the proper 
point /?, corresponding to one-third stroke, the model is ready for 
ser^dcc. If there is any discrepancy, it may be eliminated by 
shifting the saddle-pin m a slight distance. 

Alternate Location of Reverse-shaft. — If the ratio of crank to 
connecting-rod is unfavorable, it may appear in the investigation 
of the valve-action that the cut-off may be very' unequal at and 
near full-gear. Sometimes a better action can be had by a 
different location of the reverse-shaft, by aid of which the cut-off 
may be equalized at another point of the stroke. 

Suppose that the work has proceeded as already described 
>o far as the location of the saddle-pin, and that the reverse-shaft 



72 


VAiyE GEARS fOR STE4^-ENGINES, 


them may be bisected and from the middle point o the laps may 
be laid off on either side, these locating the point n and These 
points are very important in the future work with the n:odel 
and it is convenient to locate them by drawing a circle with the 
proper radius from as shown to a larger scale by Fig. 7, PL 
XXa; some draughtsmen draw that circle immediately in ink 
to make it distinct. Another circle may be drawn at the same 
time with a radius equal to the exhaust-lap. 

Location of Rocker. — ^The axis of the rocker may be located 
on a line oT perpendicular to XZ', Fig. 2, PI. XX; to avoid 
disturbing the motion of the valve at cut-off and admission, T 
may be chosen so that an arc from T with a radius equal to the 
length of the rocker-arm shall pass through n and n' (see also 
Fig. 7, PL XXa). Since the arc through n and w' is short, nearly 
the same result will be obtained if oT is made directly equal to 
the length of the rocker-arm, but in such case n and w' will be 
slightly above the axis XX'. 

Location of the Saddle-pin. — As already pointed out the 
location of the saddle-pin is the most important single item in 
a link-motion design, and it is fortunately entirely under the 
control of the designer. A very good action of the valve will 
usually be obtained if the reverse-shaft is so located that its arm 
shall be horizontal when the link is in mid-gear, and if the 
saddle-pin be then located to equalize the cut-off at one-third stroke. 
For this purpose we may proceed as indicated on Plate XX, 
and more distinctly by Fig. 7, PL XX<z. First, the model may 
be placed with the crank at K corresponding to cut-off at one- 
third stroke, and the link-template may be moved till its arc 
comes to the point w', which corresponds to a valve-displace- 
ment equal to the steam-lap as should be the case at cut-off. Draw 
a bit of the link-arc and mark the ends of the line j'/, and after 
the model is moved aside draw that line on the paper. Repeat 
the operation with the piston at one-third stroke at the oilier 
end of the cylinder and so locate the line gr. With the location 
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of the reverse-shaft already decided upon, the path of the saddle- 
pin while the template moves from j'y' to jr, will be very nearly 
horizontal. Consequently the saddle-pin m may be located on 
Fig. 7, PI. XX<z, by drawing by trial a horizontal line mm' which 
shall be so placed that mr shall be equal to m'r'. Having deter- 
mined this distance, mr or mV, which the saddle-pin shall be 
placed back from the link-arc, the block shown by Fig. 6, PI. XXa, 
may be properly located and clamped to the link-template. 

Location of the Reverse-shaft. — ^The centre of the reverse- 
shaft arm 5, Fig. 2, PL XX, may now be located as follows: Bisect 
the line mm' (shown also on Fig. 7, PL XX^) by a line per- 
pendicular to the axis XX' and on it locate iVo at a distance 
from the axis equal to the length of the hanger; draw N^S parallel 
to the axis and make it equal to the length of the reverse-shaft 
arm. Drill a hole in the drawing-board at S and connect up the 
hanger with wooden washers at iV and m' to give proper clear- 
ance so that the model may work freely. 

Final Test of Model. — ^Having the model connected, the crank 
should be set to give cut-off at one-third stroke at one end, as at 
i?', Fig. 2, PL XX; the reverse-shaft arm is to be raised or lowered 
till the link-arc touches the corresponding lap-point n' \ place a 
weight on the reverse-shaft arm and turn the model till the link 
touches the other lap-point n\ if the crank is now at the proper 
point corresponding to one-third stroke, the model is ready for 
service. If there is any discrepancy, it may be eliminated by 
shifting the saddle-pin m a slight distance. 

Alternate Location of Reverse-shaft. — If the ratio of crank to 
connecting-rod is unfavorable, it may appear in the investigation 
of the valve-action that the cut-off may be very unequal at and 
near full-gear. Sometimes a better action can be had by a 
different location of the reverse- shaft, by aid of which the cut-off 
may be equalized at another point of the stroke. 

Suppose that the work has proceeded as already described 
hO far as the location of the saddle-pin, and that the reverse-shaft 
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is to be located so as to give equal cut-off also at two-thirds stroke. 
For this purpose let the model be set so that the crank comes at 
i2a, corresponding to two-thirds stroke at one end, as indicated bv 
Fig. 2, PL XXI, and let the template be moved so that the link- 
arc touches the lap-point n; again place the crank at Ri, corre- 
sponding to two-thirds stroke at the other end, and move the 
template till it touches the other lap-point n'\ the two positions 
ma and of the saddle-pin are to be located on the paper when 
the template is in the proper positions. Now take ma and m-^ as 
centres and with the length of the hanger as a radius draw arcs 
intersecting at iNTa* The entire operation may now be repeated 
in backing gear, but the construction thus made will be found 
to be symmetrical with that for forward gear, and the corre- 
sponding locations of the saddle-pin, and will be sym- 
metrical with ma and mb and can be located above XX^ directly 
without the trouble of a second construction. With md and md 
as centres and with the hanger as a radius, arcs are to be drawn 
intersecting at iV&. With Na and Nh as centres and the length 
of the arm NaS^ as a radius, arcs are to be drawn intersecting 
at 5 ', the alternate location of the reverse-shaft. 

This location of the reverse-shaft is likely to disturb the 
equalization of cut-off at one-third stroke; this can be tested as 
described on page 70, and an adjustment can be made which 
in turn is liable to derange the cut-off at two-thirds stroke, but 
unless this latter effect is pronounced no attention need be paid 
to it. 

Comparing Plates XX and XXI, it is evident that 5 ', the 
alternate location of the reverse-shaft, is nearer XX' than is S, 
the original and simpler location; not unfrequently such a location 
will make it interfere with the eccentric-rods in backing gear. 

This alternate method lacks precision, since the points nta 
and mhi and also md and md, are too near together to give a 
satisfactory determination of the points Na and Ni] but in 
compensation, so long as the construction is symmetrical, a con- 
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siderable deviation of the shaft from S' will have comparatively 
little effect on the valve-action, 

Lead, Port-opening and Slip. — After the locations of the 
saddle-pin and reverse-shaft are completed, the model is then 
to be used to test the action of the link in all grades, forward 
and backing. To do so, place the reference-mark on the crank- 
disk, at the crank-position corresponding to a chosen piston- 
position (for example, at half-stroke forward); adjust ^he link- 
template so that its arc shall come to the point n, Fig. 2, PI. 
XX, and place a weight on the reverse-shaft arm. Turn the 
crank-disk and thus move the model till the link-template comes 
to the point note the position of the reference-mark on the 
crank-template, and find and record the corresponding position 
of the cross-head on its path xx\ 

With the same setting of the model find the lead, port-open- 
ing and slip. The first will be found by placing the crank on 
the dead-points. The second must be found by noting the 
greatest displacement of the link-arc from n toward the right, 
and from n' toward the left; these quantities are to be measured 
on a horizontal chord, not on the arc, since they represent the 
valve-displacements minus the lap. To find the slip, find and 
mark the highest point on the link-arc that comes to the arc 
through nn', and also the lowest point; the distance between 
these pointb is the slip of the link-block. 

This investigation of the action of the link should be car- 
ried on systematically for a sufficient number of j joints of the 
stroke, and recorded in a table similar to that on page 78. 

Should the action of the link-motion be deemed unsati^fac- 
tor}^ experiments may be made l)y changing the various dimen- 
sions of die link, so far as possible, following the general direc- 
tions on page 57. It is proba])le that the most troulilef-omc 
element will be the slip of the link-bloi k due to the attcm])t to 
ecjualize the tut-«>lT, and with the method of suspimsion dumn 
on Plates XTII and XX this is worse in forward than in ba- king 
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gear. When feasible, this unfortunate condition may be 
reversed by supporting the link from below, with which 
arrangement the slip in forward gear will be less than in 
backing gear. 

In this use of the model it will be found that the forward 
eccentric-rod will strike the washer placed at e', Fig. 2, PI. XX. 
Perhaps the required setting can be obtained by turning the 
model in the reverse direction, or the requisite freedom may be 
had by cutting a notch at v] or the rod may be reversed and 
another notch can be cut at w. 

It is clear that a similar model can be made for the Gooch 
link-motion or for other gears like those described in the follow- 
ing chapter. 

To Set a Link-motion. — ^If a link-motion is designed for equal 
lead, it is set by a method hke the first method for setting a slide- 
valve with equal lead. Place the link at full-gear forward; with 
the proper angular advance as near as may be for each eccentric 
and with the engine on a dead-point give the valve the proper 
lead; turn the engine onto the other dead-point, and if the valve 
does not then give the proper lead, change the length of the eccen- 
tric-rod by half the error or obtain the same result by changing 
the length of the valve-spindle, and shift the eccentric till the 
proper lead is obtained. Place the link at full-gear backing and 
set the valve again, changing the length of the eccentric -rod and 
the angular advance as may he necessary. Now place the link 
again at full-gear forward, and see if the setting has been is- 
turbed by the changes of the backing eccentric and eccentric-rod; 
if it has, the valve must be reset by the same method. Place 
the link again in full-gear backing, and make any correction 
needed; very commonly none will be required. When a link- 
motion is designed to give unequal leads (a common practice on 
marine-engines), the process differs only in that the lead at each 
end must be made the proper amount. 

The second method given on page 34 cannot be used in setting 
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a link-motion, since the maximum port-openings are not likely to 
be equal. 

A rocker for a link-motion is designed to avoid interference 
with lead and cut-off (Fig. 7, PL XXa), and when the valve 
is set this condition should be considered. A horizontal link- 
motion like Fig. i, PL XIII, will have the rocker set to swing 
equally from a plumb-line through T, when the engine is at 
the dead-points. 

The eccentric-rods for the link-motions on Plates XIII and 
XIV are joined to the eccentric-straps by T-heads and bolts. 
The length of the rods may be adjusted by placing slips of metal 
called shims under the head — a method which may appear crude 
but is really convenient and effective. The bolt-holes through 
the shims can be slotted through to one side in order that a shim 
may be put in or withdrawn without taking out the bolts. 

Application of Skeleton Model. — ^To illustrate the method, 
and to show the influence of changing some of the parts of a 
link-motion, there are given here the results of the application 
of the skeleton model to a few examples. 

The following dimensions were used in all the examples: 


Eccentricity 

. . . 3 inches 

Steam-lap 

. - . f inch 

Radius of link-arc 

- - . 48 inches 

Length of hanger : 

... 16 “ 

Length of reverse-arm 

...20 “ 

Length of rocker- arm (when used) 

. . . 12 “ 

Stroke 

... 24 “ 

Ratio of crank to connecting-rod. 

... 1-5 


In all the examples except that shown by Table II the dis- 
tance from the centre of the eccentric to the link-arc was equal 
to the radius of the link-arc; the length of the eccentric-rods 
from the centre of the eccentric to the link-| ins was made less 
or more than this distance according as the link-pins were back 
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of or ahead of the link-arc, except for the example shown by 
Table V, which had the link-pins on the link-arc. The saddle- 
pin in all cases is at the middle of the length of the link. Other 
dimensions of the link-motion and details of the arrangement 
are. given with the tables. 

In the example shown by Table I the reverse-shaft was set 
square, i.e., with the arm horizontal at mid-gear as shown on PI. 
XX, and the cut-off was equalized at J stroke only. This may be 
considered to be the typical example. The lead at full-gear, or 
with the cut-off at 22^ inches, is small, but increases rapidly as the 
cut-off is shortened, till it is nearly half an inch when the cut-off is 
at quarter stroke; meanwhile the travel and port-opening both 
decrease rapidly. The travel of the valve in full-gear is more 
than tv/ice the eccentricity, due to the slip of the link-block and 
to other irregularities. 


TABLE I. 

Rocker used — ^link-pins 2J inches back of link-arc. 
Cut-off equalized at Jd stroke. 

Saddle-pin ^ of an inch back of link -arc. 

Distance between link-pins 14 inches. 


Cut-off, 

Lead. 

Slip. 

Travel. 

Port- 

open- 

ing. 

a 

H.E. 

b 

C.E. 

Diff. 
a8c b. 

6 


A 


4 


if 

9 


A 

A 

A 

2 A 

44 

12 

Ilf 

i 

A 

i 

sfl 

f 

15 

i4if 

A 


Ji 

3 A 

i 

18 


I 

1 

4 


lA 

21 

20f 


A 

f 



22J 

22 

i 

A 

lA 

6A 

244 


An inequality in the cut-off of \ of an inch in 24 inches, i.e., 
one per cent of the stroke, cannot be distinguished in the running 
of the engine or on the indicator-diagram; consequently the 
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cut-off may be considered to be equalized from J to | of the 
stroke. The inequality of the cut-off becomes as large as f of 
an inch at i8 and 21 inches; but while such an inequality may 
possibly be distinguished on an indicator-diagram, it cannot 
have an appreciable effect on the running of the engine. 

In all the examples the gear was made symmetrical; conse* 
quently the action in backing gear was almost identical with 
that in forward gear, and need not be stated separately. 

TABLE II. 

Rocker used — ^link-pins 2J inches back of link-arc. 

Cut-off equalized at Jd stroke. 

Saddle-pin ^ of an inch back of link-arc. 

Distance between link-pins 14 inches. 


a 

H.E. 

Cut-off. 

b 

C.E. 

Diff. 

a&b. 

Lead. 

Slip. 

Travel. 

Port- 

open- 

ing. 

6 

SM 

■h 


i 


M 

9 

m 

■h 


i 



12 

Hi 


M 

■h 

2tt 

s 

IS 


A 

i 

s 

3 ^ 


18 


f 

a 

J 

sA 

life 

21 

205 

f 

i 

§§ 

4tI 

iSi 

22i 

22^ 


H.E. ^ 
C.E. fs 



2M 


In this example the eccentric-rods were made one inch longer 
than in the preceding example, which made the radius of the link- 
arc one inch shorter than required for the normal condition, 
i.c., 48 instead of 49 inches. The effect was to reduce the in- 
equality of the cut-off at long cut-off, so that the cut-off may 
be considered to be practically equal for the entire stroke. The 
full-gear lead had an inequality of A of an inch, but at other 
grades of the link the lead was sensibly equal. Had the link been 
set to give equal lead at full-gear, then the mid-gear lead would 
have had an inequality of ix of an inch in half an inch, which 
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would not have any appreciable effect in the running of the 
engine. 

In the third example the cut-off was equalized at \ stroke 
and at full-gear as recommended by Auchincloss in his Link 
ani Valve-motions, by the method described on page 73 and 
shown on PL XXI. With the ratio of crank to connecting-rod 
used in these examples, i.e. 1:5, the reverse-shaft was found 
to interfere with the eccentric-rods at full-gear backing. The 
table shows that the equalization of the cut-off was nearly per- 
fect from half-gear to full-gear. The inequality in the cut-off 
increases as the cut-off is shortened, that is, at the place where 
it has the most deleterious effect; but it must be admitted that 
an inequality of f of an inch in 6 inches cannot have a very bad 
effect, if indeed it should be distinguishable in the running of 
the engine. Both the danger of interference of the reverse-shaft 
with the eccentric-rods and the inequality of cut-off near mid- 
gear will be found to be less with a more favorable ratio of crank 
to connecting-rod, or with the cut-off equalized at J and | stroke 
as recommended on page 73 and shown on PL XXI. 

TABLE III. 

Rocker used — ^link-pins 2f inches back of link-arc. 

Cut-off equalized at J stroke and at full-gear. 

Saddle-pins ^ of an inch back of link-arc. 

Distance between link-pins 14 inches. 
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The fourth example had the reverse-shaft set square and 
differed from the first example in that the link was made shorter, 
i.c., 12 instead of 14 inches between the Jink-pins; the link-pins 
were also set back 3 inches instead of 2|, but such a change 
has not much effect. A comparison of this table with Table I 
will show that shortening the link increases the irregularities of 
the link-motion, and especially that it increases the slip at all 
gears. 


TABLE IV. 

Rocker used — ^link-pins 3 inches back of link-arc. 
Cut-off equalized at Jd stroke. 

Saddle-pin |f of an inch back of link-arc. 

Distance between link-pins 14 inches. 
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Example five was chosen to represent the type of link-motion 
which acts directly on the valve-spindle without the intervention 
of a rocker, and, as is customary, has the link-pins on the link- 
arc. It may be compared with Table IV, which has the link- 
pins the same distance apart. The equalization of cut-off from 
J to f stroke is good, though not perfect, and the inequality at 
and near full-gear cannot have a very bad effect, though it is 
much larger than in the fourth example. The slip is less than 
for that example at all grades; but probably the slip could ] e 
much reduced in such a link-motion with a rocker, if the lint- 
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pins were placed nearer the link-arc or on the link-arc. Such 
an arrangement would show greater inequality in cut-oflE than 
is found in Table IV. 


TABLE V. 

Link acts directly on valve-spindle without rocker. 
Link-pins on link -arc. 

Cut-off equalized at Jd stroke. 

Saddle-pin J of an inch forward of link-arc. 
Distance between link-pins, 12 inches. 
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The sixth example was chosen to show the effect of placing 
the link-pins ahead of the link-arc, on a link which acted directly 
on the valve-spindle without the intervention of a rocker. Such 
an arrangement would require the use of a side-bar link or a 
box-link (shown by Fig. i, PI. XIV, and Fig. 3, PI. XVIII), 
and might involve some mechanical difficulties. 

The equalization of the cut-off must be considered to be 
satisfactory, but it is attained at the expense of an excessive 
slip of the link-block. Probably a compromise between the 
link-motions shown by Tables V and VI, having the link-pins 
an inch or an inch and a half ahead of the link-arc, would be 
found to give a fair equalization of the cut-off without excessive 
slip. Also greater distance between the link-pins (14 instead 
of 12 inches) could be used with advantage. 
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TABLE VI. 

Link acts directly on valve-spindle without rocker; 
Link-pins 3 inches ahead of link-arc. 

Cut-off equalized at Jd stroke. 

Saddle-pin if of an inch ahead of link-arc. 
Distance between link-pins, 12 inches. 
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CHAPTER IV. 


RADIAL VALVE-GEARS. 

The name radial valve-gear has been applied to a number 
of reversing-gears that differ widely in detail and in general 
appearance, but agree in that they derive the mid-gear motion of 
the valve from some source that is equivalent to an eccentric 
with 90° angular advance, and they combine with this motion 
another that is equivalent to that of an eccentric with no angu- 
lar advance. The general conception of this form of valve- 
gear is most easily obtained from an example. 

Walschaert Gear.— This gear is chosen as the first example 
of the type because the elements are easily distinguished. In 
Fig. I, PI. XXII, H is the engine cross- head, and a is the head 
of the valve-spindle. The valve is moved through a radius- 
rod, one end of which carries a block that may be set at any 
position in a slotted link dF, and the other end takes hold of a 
combining-lever a/, that receives motion from the engine cross-head. 
The slotted link swings on a fixed trunnion at G and is moved 
by an eccentric OE, which has no angular advance. In Fig. 2 
the diagram in thin lines sho^vs the gear at a dead-point, and 
the diagram in heavy lines shows the gear when the crank has 
moved through the angle CqO =0. 

If the motion of the engine cross-head can be considered to be 
harmonic, then it is clear that the motion that it gives to the vah'e 
could be derived from an eccentric with qo° angular ad\’ancc; this 
motion is made equal to twice the lap plus twice the lead. If the 
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block d is at the middle of the link, the valve will derive motion 
from the cross-head only and the mechanism will be at mid-gear. 
The radius of the link-arc is made equal to the length de of the 
radius-rod, consequently the lead is constant for all settings 
of the gear. If the point h of the guiding-link were a fixed 
point, then the valve would receive motion from the eccentric OjE, 
which has no angular advance. By placing the link-block nearer 
the trunnion G the motion is reduced; for example, the motion 
communicated from the eccentric OE will be half as much if the 
block is half-way between d and G. If the link-block is below 
G, the motion is eversed 

It is shown in the appendix, that the motion imparted to a 
valve by this gear can be approximately represented by Zeuner’s 
valve-diagrams like those used for a shifting-eccentric. As usually 
constructed, this gear does not give harmonic motion to the valve, 
for the motion of the cross-head of the engine with the usual pro- 
portions of locomotives has considerable irregularity on account 
of the angularity of the connecting-rod; also some irregularity 
is introduced by the combining-lever af. Consequently such a 
diagram as Fig. i, PL XXI, can be of use only in roughly block- 
ing out a gear. The real action of the gear can be determined 
either by constructing diagrams similar to Fig. 2 on as large a 
scale as con\'enicnt, or by aid of a model. A combination of 
the two methods, similar to the skeleton model for link-motions, 
may be found convenient for this purpose. Since part of the 
motion of the valve is derived from the cross-head, the adjust- 
ment of the gear to give equal cut-off will generally be easier than 
for a link-motion. 

In laying out a Walschaert gear, the combination-lever aj 
should be made vertical when the cross-head is at the middle of 
its stroke; the guiding-link hj should be made to vibrate equal 
angles above and below a horizontal line; a line from G to F on 
the link should be made vertical when the engine is on a dead- 
point; and the supporting-link with the reverse-arm ST should 
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be SO laid out that c may be guided nearly on a horizontal line, 
unless the adjustment may be found to require a different arrange- 
ment- The length of the combining-lever should be so chosen 
that its angular vibration shall not exceed 6o®. 

The main dimensions of the gear for any engine will be im- 
posed on the designer by the general proportions of the engine 
and its frame. There are, however, two elements over which 
the designer will have more or less control: they are the position 
of the axis of the trunnion G, which in the figures is on the link- 
arc, but which may be placed either forward of or back of the 
link-arc; and the reverse-shaft T, which may often be located at 
wiU, within limits. The first will be found to have the most 
influence on the action of the gear. 

The eccentric OE is sometimes replaced by a return-crank 
from the engine-crank C. The link is sometimes turned the 
other way, in which case the radius-rod extends forward from 
the head of the valve-rod. 

Marshall Valve-gear. — Plate XXIII shows the Marshall valve- 
gear as applied to the U- S. S. Yorktown. In Fig. i, XX' is the 
axis of the cylinder, 0 is the centre of the shaft, and C is the 
crank-pin. The eccentric centred at E gives motion to a short 
and massive eccentric-rod EG, which is guided at o by the link 
oD, and is connected to the valve-spindle F by a valve-rod GV. 
The guiding-link oD is supported by the bell-crank lever DoS, 
having its axis at o; the rod ST gives connection with the reverse- 
shaft arm TU. In the figure the engine is at a dead-point, so 
that the guided point of the eccentric-rod coincides in projection 
with the axis of the bell-crank lever. 

Fig. 2 shows the centre-lines of the gear in two positions; the 
heavy lines are for the full-gear of the valve-motion, and the fine 
lines are for a gear between that and the mid-gear. OC is the 
centre-line of the crank; E is the centre of the eccentric; FD is 
the guiding-link; and oD is the arm of the bell-crank lever, hav- 
ing its axis at o. 
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When the bell-crank lever is set to give the mid-gear action 
of the valve, D is found at jDo> and the guided point F moves 
on an arc of a circle that nearly coincides with the line OF; the 
point E describes a circle, and all other points of the eccentric- 
rod except F describe ovals that are more or less elongated as they 
are near or removed from the guided point F. In this setting of 
the gear the horizontal motion of the point G is made equal to twice 
the lap plus twice the lead, so that the valve receives a motion like 
that given by an eccentric having 90° angular advance; as G is 
beyond jF, the eccentric E properly coincides with the crank. 

At any other gear than mid-gear, for example with D set for 
full-gear, the vertical displacement of F will have two compo- 
nents, one along the axis OF, and one perpendicular to it. The 
second component with some modification is transferred to G 
and gives to the valve an additional displacement like that from 
an eccentric with no angular advance. This gear is consequently 
of the general type described at the beginning of the chapter, but 
the various irregularities of the gear are so marked that the valve- 
diagrams similar to Fig. i, PI. XXI, cannot be used at all in de- 
signing and laying out the gear. Since the guided point F is 
always brought into coincidence with the axis of the bell-crank 
lever when the engine is on a dead-point, the lead is the same 
for all gears. 

The cut-off is shortened by making D approach Do; the 
thin lines show the gear set for a cut-off at about f stroke. The 
engine is reversed by carrying D beyond Do toward D". 

Fig. 3 gives the valve- ellipses for full-gear and for a short 
cut-off, corresponding with the diagrams in full lines and finer 
lines shown by Fig. 2. The valve-ellipses show the defect of 
the gear, which is a marked inequality in the maximum port- 
opening. Tbih defect may be overcome by an adaptation of 
Prof. Sweet’s method (page 25) for equalizing the cut-off of a 
plain slide-valve with the aid of a rocker or Ijell-crank lever. 

In some cases the point G ib taken between the eccentric 
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and the guided point, in which case the eccentric is set opposite 
the crank. 

The design of the Marshall valve-gear must be carried 
out by the aid of diagrams or a model, or by a combina- 
tion of the two methods, which appears to be well adapted for 
this work. 

Hackworth Valve-gear. — This gear differs from the Mar- 
shall gear in having the guided point carried by a block that 
slides in straight guides and thus avoids the irregularity due 
to the guiding-link. The irregularity of the valve-motion is less 
than when the Marshall gear is used, and the maximum port- 
openings can be made nearly equal. The pressure on the sliding- 
block is large, especially at full-gear, and unless ample wearing 
surface is provided the friction and wear are liable to be ex- 
cessive. In some cases the sliding-block has been provided with 
rollers to reduce the friction. 

Joy Valve-gear. — ^An example of the Joy valve-gear used 
on the Pennsylvania Railroad Company’s tugboat Delaware is 
shown by PI. XXIV. XX' is the centre-line of the crank and 
connecting-rod, xo(f is the centre-line of the valve-spindle. The 
lever ahc is guided at one end on a flat arc by the rod 
gc, and at the other end is attached to the connecting-rod 
at the point a, which describes an oval having the length 
aia2 equal to the stroke of the engine. This oval, which 
is omitted to avoid confusion of the diagram, is symmetrical 
with regard to the axis XX' ^ and is slightly more pointed 
at the cross-head end than at the crank end. The point 6, 
which describes the irregular oval 6&i62> takes the place of the 
centre of the single eccentric used with the Marshall valve-gear 
(PI. XXIII), and acts on the lever hie. The point i of the lever 
hie is guided on the circular arc //i by the sliding-block jB, and 
the point e, which describes the oval eeie2, carries the valve- 
rod ed. The connecting-rod CD, the valve-rod ed, and the rod 
eg are in one plane; the levers ac and be and the curved guide- 
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bar //i are double, one system being on each side of the connecting- 
rod ; in the figure the system of levers in front of the connecting- 
rod is omitted to show the construction more clearly. The 
guided point i could evidently be guided on the arc fji by a link 
centred at k; such a construction is frequently used in marine 
engines. A comparison of this gear with the Marshall valve- 
gear will show much similarity. The essential points of differ- 
ence are : (i) the radius of the guiding-arc //i is always equal 
to the length of the valve-rod, and (2) the irregularity due to the 
angularity of the lever bie is compensated by the action of the 
lever ac, somewhat in the manner that the linkage known as Watt’s 
parallel motion is made to give nearly a straight-line motion. 
These advantages are attained at the expense of greater com- 
plication and cumbersomeness. It may be remarked that 
the inequality of port-opening, which is the notable defect 
of the Marshall gear, may be nearly if not quite remedied by 
making the length of the guiding-link equal to the valve-rod, 
but such a construction is usually impracticable, since it requires 
either an impossible length for the guiding-link, or else a short 
valve-rod and a long valve-spindle that must be guided at the 
outer end. The guiding-bars }}i are hung on trunnions with 
the axis at the point ii, and are connected at / to the reversing- 
lever. The gear is shown at full-gear for left-handed rotation; 
it may give a shorter cut-off if the guiding-bars //i are given less 
inclination from the horizontal or mid-gear position, and when 
in mid-gear it will give the valve a motion equal to twice the lap 
plus twice the lead; if the guiding-bars }ji are inclined the 
other way, the engine will be reversed. 

This gear, when properly proportioned, gives a rapid motion 
to the valve when opening and closing, less compression at short 
cut-off than docs a link-motion, and the cut-off can be made 
nearly equal for all grades of the gear. Like all other radial 
valve-gears, it gives a constant lead. Its defects are the number 
of parts and of joints that are liable to wear loose, and the 
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obstruction that it offers to inspection and care of the crank-pin 
and cross-head when the engine is run. 

To lay out a Joy valve-gear: Choose a point a on the con- 
necting-rod, having a transverse throw equal to twice the maxi- 
mum displacement of the valve; make the length of the lever ac 
such that the angle shaU not be more than 90°; draw 

the centre-line xx' of the valve-stem, and locate the point eo> 
opposite the middle-point of the line aia2; lay off ^061 = ^0^2, 
equal to the lap plus the lead; lay off aibi = a2&2 equal to about one 
third of diCi; and draw the lines ^161 and ^262 intersecting at ii; 
this last point locates the axis of the trunnions carrying the guiding- 
bars //i. If the point i is guided by a link, then the arm carrying, 
the link must be centred at ii ; in the figure the position of such 
an arm is shown by the line iik. Finally, the valve-eUipse should 
be drawn for several grades of the gear; in the figure the valve- 
ellipse ooi has its length equal to the stroke of the engine, and 
the valve-displacements are magnified fourfold, i.e., st^^dod. 
Usually the axis xxi of the valve-motion is determined by the 
general design, and cannot be changed much, if at all. The 
length of the lever ac wiU commonly be as great as desirable 
if the angle aiCia2 is something less than 90°; it cannot be made 
shorter without throwing excessive stress on the links and levers. 
The transverse motion of the point a is properly twice the maxi- 
mum displacement of the valve, in order that the inclination 
of the guide-bars //i may not be more than 25° or 30°; should 
such a location bring the lever ac too near the shaft, as may be 
the case when the crank is counterweighted, then a may be placed 
nearer the cross- head, but at the expense of more inclination of the 
guiding-bars at long cut-off. The location of the point b is under 
the control of the designer, and may be used to equalize the cut-off 
either at that grade at which the engine is to run habitually, 
or else to give nearly equal cut-off at all grades. The equaliza- 
tion of the cut-off must be made by trial, and no general rule 
can be given, since the elements, such as the length of the lever 
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ac and the distance between the axes xo(/ and XX' ^ over which 
the designer has little control, have a large influence. A skeleton 
model may be used to advantage in this work. It should have 
rods to represent the connecting-rod, the levers ac and be^ and 
the links eg and ki. The point k will be located on an arc of a 
circle centred at ii. The points i and b on the levers be and ac 
should be made adjustable; the first by mounting it on a sliding- 
block that can be clamped in any desired position, and the second 
by that method, or by a series of holes to receive the screw repre- 
senting the pin at 6. It may be found advantageous to provide 
pieces, properly guided, to represent the cross-head and head of 
the valve-spindle, but a simple model may be made by placing 
these points by hand on the lines XX' and xx' for the several 
positions of the model, and the centre C may in like manner be 
placed on the circle CC'O. 



CHAPTER V. 


DOUBLE VALVE-GEARS. 

A PLAIN slide-valve, set to give an early cut-ofif, is liable to 
give either an excessive compression or an early release, or both. 
A single valve under the control of a gear that gives a variable 
cut-off, such as a shifting-eccentric or a link-motion, is open to 
the same difficulties; and in addition the compression varies 
with the cut-off, thou^ to a less degree. For a stationary engine 
a large compression may be undesirable, and a varying compres- 
sion is always so. To avoid these difficulties two valves are 
frequently used: one, called the main valve, has an unvariable 
motion, and gives the admission, release, and compression; 
the other, called the cut-off valve, gives the cut-off only, which 
may be varied without affecting the other events of the stroke. 

The cut-off valve may be placed in a separate valve-chest, 
as shown by Fig. 3, PI. XXV, or it may be placed on the back 
of the main valve, as shown by Fig. i, PI. XXVI; thus giving 
rise to two separate types of double valve-gears. It is impor- 
tant to obtain a clear conception of the principles of double 
valves, and then all existing forms of double valve-gears may 
be readily understood, and a gear for a given purpose may be 
easily designed, or else it may be shown that a satisfactory design 
is impossible. 

Cut-^ff Valve in a Separate Valve-chest.— The usual arrange- 
ment of this valve-gear is shown by Fig. 3, PL XXV. The main 
valve, which receives motion from an eccentric with constant 
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angular advance and eccentricity, is designed to give the desired 
release and compression, and is set to give equal lead; it will 
be observed that either the release or the compression may be 
equalized. In the figure there is no exhaust-lap; this arrange- 
ment may be frequently found desirable, but it is chosen here 
for the sake of simplicity, and will be adhered to throughout 
the chapter; attention will be given exclusively to the cut-off, 
since the other features of the gear are the same as for a 
plain slide-valve and have received sufficient attention in the first 
chapter. 

In the figure the valves are shown disconnected from the 
eccentrics and both in mid-position; they cannot both be in 
such position when the gear is connected up, but such a draw- 
ing is convenient in laying out the valves. The cut-off valve is 
a rectangular open frame having the acting edges inside. The 
distance I from one edge of the valve to the opposite edge of 
the port is the clearance of the valve; when the valve is dis- 
placed from mid-position an amount equal to the clearance, 
the cut-off valve gives either cut-off or readmission. The right- 
hand edge gives cut-off for the head end of the engine, and re- 
admission for the crank end; it is important that the readmis- 
sion by the cut-off valve should precede the admission by the 
main valve, in order that the second steam-chest shall then be 
properly filled with steam at full pressure. 

The steam-port is for the passage of full-pressure steam 
only, and may consequently be made from J to f of the area 
of the port a, through which exhaust-steam also must pass. Two* 
or more ports are frequently provided in the cut-off valve-seat, 
and the valve is then known as a gridiron valve; in such case 
the combined area of all the ports oq should be a little in excess 
of what would be given to one port, to allow for the greater fric- 
tion in numerous narrow passages. A gridiron valve acting 
on several narrow ports will require a proportionately less throw. 

In Fig. I, PI. XXV, OP is the diameter of the valve-circle 
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for the main valve which gives admission at Oi?o and Oi?o', and 
cut-off at OR. The eccentric acting on the cut-off valve is given 
a negative angular advance, i.e., it is less than 90° in advance of 
the crank; consequently the displacements of the cut-off valve 
from mid-position are given by a valve circle, such as OPo, hav- 
ing its diameter laid off at an angle do (the negative angular 
advance) away from the crank. If the clearance is equal to 
0/2, then the cut-off by the cut-off valve occurs at OR2 and the 
readmission at OR. 

A variable cut-off by aid of this gear may be obtained by 
varying the clearance of the valve, or the throw of the eccentric, 
or by using a shifting-eccentric. Now, the same effect is pro- 
duced by increasing the lap (or decreasing the clearance) with 
a constant eccentricity as is produced by decreasing the eccen- 
tricity with a constant lap; consequently an investigation of one 
of the two methods will serve for both. It will appear that 
neither will give a good variable cut-off. On the other hand, 
a satisfactory gear may be had by using a shifting-eccentric. 

In Fig. I, PI. XXV, the clearance OI2 gives cut-off at OR2 
and readmission at OR, coincident with the cut-off by the main 
valve: and OR2 is the latest admissible cut-off; for if the clear- 
ance is made greater or equal to Oli in order to obtain a later 
cut-off at ORi, the readmission will occur at OPi', before the 
main-valve cut-off, and a double admission of steam will occur. 
Such a double admission causes a large waste of steam and an 
irregular action of the engine and cannot be tolerated. 

The earliest admissible cut-off is obtained by a clearance equal 
to 0/3, which gives cut-off at OP3 and readmission at OPo'. An 
inspection of the figure shows that the angle P2OP3 must, from 
symmetry, be equal to POPo'; the latter angle depends on the 
lap of the main valve, and it is at once evident that only a 
limited range of cut-off can be obtained with such an arrangement. 

In practice a gridiron cut-off valve was commonly used and 
the cut-off was obtained by varying the travel of the valve. For 
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this purpose a fixed eccentric was connected to the end of a 
slotted lever or link, and motion was communicated to the valve 
from a link-block that could be set at any desired place in the 
link. To shorten the cut-off, the link-block was moved toward 
the fixed end or fulcrum of the link. An idea of this arrangement 
may be obtained by supposing the radius-rod of the Walschaert 
gear (Plate XXII) to act on the cut-off valve-spindle; the eccentric 
should, of course, have a negative angular advance, and only 
half of the link will be required. The effect of such an arrangement 
is the same as though the eccentricity were varied, and, just as 
has been shown to be the case for a gear with varying lap, the range 
of variation of cut-off depends on the lap of the main valve. 

Cut-off Valve with Shifting-eccentric. — ^If the cut-off valve 
in a separate valve-chest is moved by a properly designed shifting- 
eccentric, the readmission may be kept within the proper limits, 
i.e. before the admission for one end of the cylinder and after 
the cut-off for the opposite end by the main valve, and at the 
same time any desired range of cut-off may be had. 

In Fig. 2, PI. XXV, let OP be the main valve-circle, giving 
cut-off at OR and admission at ORo\ Suppose that the cut-off 
is to vary from ORi, corresponding with | stroke, to OR co- 
incident with the cut-off by the main valve. Bisect the angle 
RORq by the line OPo', and bisect the angle RORi by the line 
OPo; then a valve-circle centred at Cd can be made to give 
a cut-off coincident with that by the main valve, and readmission 
coincident with the main-valve admission; while a valve-circle 
centred at Co can give cut-off at ORu and readmission coincident 
with the main-valve cut-off at OR. 

It is convenient to have the shifting-eccentric on an arm 
centred on the centre-line of the crank, or rather on that xine 
produced, for then the cut-off gear will work equally well in 
forward and in backing gear on a reversing-engine; but for a 
stationary engine such an arrangement is not essential. We 
now have three elements of which one may be chosen at pleasure 
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and the other two will then be determinate. In the figure the 
diameter OPq of the valve-circle to give early cut-ofl is made ij 
inches, equal to the eccentricity for the main eccentric ; the clear- 
ance 01 of the cut-off valve is then determined by the intersection 
of that circle by the lines OR and Oi?i, and is H of an inch. 
The centre Co' of the valve-circle to give the cut-off coincident 
with that of the main valve must be so chosen that it shall pass 
tlimiig b O and l"\ it is on a perpendicular to 01" at its middle 
point. Draw .45 perpendicular to the middle point of an imagi- 
nary line joining Po and Po'; then 5, the intersection of this line 
with the axis XX', is the centre o an arc on which the point P® 
will travel as the cut-off is shortened. The shifting-eccentric 
must be swung from a point on the centre-line of the crank produced 
and at a distance from the centre of the shaft equal to OS (i-J 
of an inch); when the crank is at OX this point will be at T. 
With ordinary proportions for an engine, the point T is liable to 
fall inside the shaft, or else so ear that the contruction of an 
arm for the eccentric will be impossible. A reversing-engine 
may have the following arrangement: fast to the shaft may be 
an eccentric with an eccentricity equal to OS and with its centre 
opposite the crank-pin; this eccentric may carry another having 
an eccentricity equal to AS (ife of an inch); the second or outside 
eccentric will be turned toward the crank so that its angular 
advance will be negative. A stationary engine that always 
runs in one direction may have the swinging arm, for the eccen- 
tric controlling the cut-off valve, centred at any convenient point 
on the line AS produced. 

There now remains the determination of the width of the 
cut-off valve to prevent leakage past the outside edge. The 
greatest displacement of the valve from mid-position is equal to 
OPo = i^ of an inch; consequently the distance in Fig. 3 , PL 
XXV, from the outside edge of the valve to the nearest edge 
of the port should be somewhat greater than of an inch; it 
is -made of an inch. 
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The arrangement shown by Fig. 3, PL XXV^ has an excessively 
large steam-chest for the main valve, which gives an undesirable 
action because the steam in that chest can flow into the cylinder 
with a decreasing pressure until the cut-off by the main valve 
occurs; it is commonly said that the steam in that chest takes 
part in the expansion. This defect can be ameliorated by reducing 
the height of the main valve and the size of its chest as far as 
possible; or a piston-valve taking steam in the middle can be 
used, or some other device may be invented to decrease the space 
thus affected. 

Cut-off Valve on back of Main Valve. — ^Fig. i, PI. XXVT, 
shows a cut-off valve on the back of the main valve, both being 
disconnected from their eccentrics and placed in mid-position. 
When the gear is connected up, such a position of both valves 
at the same time does not occur, but it is convenient to make 
a drawing of the valves in that position to show the laps and 
other dimensions of the main valve, and the clearance and length 
of the cut-off valve. The main valve is designed to give the 
desired compression and release, and is set to give equal lead; 
either the compression or the release may be equalized. The 
cut-off valve is connected to an eccentric having a large angular 
advance, so that it is nearly (sometimes exactly) opposite the crank. 

In Fig. 3, OP is the diameter of the main valve-circle,, and 
OPo is the diameter of a valve-circle showing the absolute dis- 
placements of the cut-off valve. At any crank-position, such 
as OP, the chord Oc intercepted by the main valve-circle shows 
the displacement of the main valve; represented in Fig. 2 by 
e. The absolute displacement of the cut-off valve is shown by 
the chord OS, intercepted by the cut-off valve-circle; repre- 
sented by eo in Fig. 2. Both of these displacements are toward 
the left, but the former being the greater, the relative displace- 
ment of the cut-off valve with regard to the main valve, and 
measured from the centre of the main \'alve, is towards the right, 
tending to shut the port in the main valve. 
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The displacement of the cut-off valve, or plate, to the right 
from the middle of the main valve can be represented by an 
auxiliary valve-circle having its diameter at OP^ on Fig. 3, 
and which can be constructed by drawing OP^ parallel and equal 
in length to the line PPo, which connects the points P and Pq- 
At the crank-position OP, the absolute displacements of the 
main valve and the plate, both to the left, are Oc and Ob, and 
the relative displacement of the plate from the middle of the 
main valve, toward the right, is hc\ but he is equal to the chord 
Oa cut from OR by the auxiliary circle, as can be seen by draw- 
ing the lines Pc Pob, and P^a (all of which are perpendicular 
to OR because they are drawn in semicircles) and further by 
producing Pc to e and drawing Pqc parallel to OP; for Pqc is 
equal to be and the triangle PqPc and OPxO^ are evidently equal. 
A convenient construction for the diameter of the auxiliary 
circle is to draw an arc from O with a radius equal to PPq and 
another from P with a radius equal to OPo, which arcs will inter- 
sect at Pxy and we may draw the parallelogram OPxPPo- A 
second auxiliary circle, OPx, drawn below the axis XX^, shows 
the displacement of the plate to the left, from the middle of the 
main valve. 

It must be remembered that OP x is not an eccentricity and 
that the angle PzOY is not an angular advance, and in general 
that the auxiliary circle is only a device for solving problems, and 
represents no part of the engine when completed. 

The essential parts of the diagram given in Fig. 3 are repeated 
in Fig. 4, together with the lap-arc nn' for the main valve and 
the clearance-arcs IV and for the plate. When the displace- 
ment of the plate to the right from the middle of the valve is 
equal to the clearance I, the edge of the plate comes to the edge 
of the port as indicated by Fig. i, PI. XXVII, and we have either 
cut-off or readmission. Cut-off by the plate comes at OR and 
readmission at OP'; at the first position the plate is moving to 
the right relative to the main valve to close the port, and at the 
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.second it is moving relatively to the left and reopens the port. 
The cut-off by the main valve comes at OC so that a double 
^idmission does not occur; the valves are then in the position shown 
in Fig. 2, PL XXVII. On the other stroke of the engine, cut-off by 
the plate comes at OjR'" and readmission at Oi?", but these events 
belong to the left-hand edge of the plate and have nothing to do with 
the right-hand end of the cylinder, so that, in particular, we need 
not be concerned as to whether the readmission is early enough, 
as was the case for the valve in a separate valve-chest 

Meyer Valve . — K double valve-gear, known as the Meyer 
valve, is shown by Fig. 2, PL XXVIII. The cut-off valve is 
made in two parts on a valve-spindle with a right and left screw, 
•so that the position of the plates may be adjusted by rotating 
the valve-spindle; thus the clearance may be changed, and 
consequently the cut-off may be varied. In order that this may 
be done while the engine is running, there is a swivel-joint in the 
valve-spindle between the valve-rod head and the valve-chest, 
and the tail of the valve-spindle is carried through the head 
end of the valve-chest, where it reciprocates through a hand- 
wheel as shown by Fig. i ; the valve-spindle is squared at the 
end so that it may be rotated by turning the hand- wheel. 

An inspection of Fig. 4, PL XXVT, shows that the cut-off 
may be lengthened by increasing the clearance and that it may 
be shortened by decreasing the clearance. In order that the 
cut-off may come at a given crank-position, such as OR, the 
clearance must be equal to the chord cut by that line from the 
auxiliaiy circle. If the clearance becomes equal to zero so that 
the edge of the plate is on the edge of the port when both are 
in mid-position, then the cut-off comes at ORq and the readmission 
is at a position diametrically opposite. If an earlier cut-off is 
desired, the plates must be pushed still farther out so that they 
have a lap; such a lap will be drawn across the other valve- 
circlc, as at vim\ and will indicate that cut-off comes at OR\ and 
readmission at OR^- 
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Design of a Meyer Valve. — The main valve as shown by Fig. 2, 
PL XXVIII, has a steam-lap of half a inch, and is moved by 
an eccentric with an eccentricity of of an inch; the exhaust- 
lap is zero. It is set with of an inch lead. With these dimen- 
sions the valve-circle OP in Fig. 3 can be drawn, and the cut-off 
will be found to occur at ORc] corresponding, with harmonic 
motion, to 0.89 of the stroke of the piston. 

The steam-port in the valve-seat is f of an inch wide, and 
the steam-port through the main valve may be taken to be f 
as much, or J of an inch. The diameter of the auxiliary circle 
may be assumed to be one inch. With an eccentricity of if of 
an inch for the cut off valve-eccentric, the parallelogram PPoOP^ 
may be drawn locating both the auxiliary circle OPx and the 
diameter OPq of the circle, showing the absolute displacements 
of the cut-off valve. The cut-off valve-eccentric has the angular 
advance YOPq) equal to 5 5 ^; It is convenient to know this angle 
approximately in setting the valves. The dimensions for OP® 
and OPo are chosen by trial to give a convenient location of the 
auxiliary circle, with its diameter placed beyond ORc to avoid 
the possibility of a double admission. 

The largest clearance is = of an inch; the least clear- 
ance, or the greatest lap, will depend on the earliest required 
cut-off. Let it be assumed that the earliest cut-off shall be at 
ORi, corresponding to a piston-displacement Xa = l of the stroke, 
for harmonic motion; then the cut-off valve must have a lap 
equal to 01 " = OF" of an inch, nearly. 

The lower face of the main valve is laid out as for a plain 
slide-valve, but with the additions demanded by the passage 
through it. The least width of bridge is equal to the eccentricity 
less the sum of the lap and the width of port, or 1^2"“ (2 +1) 
= J of an inch; the width used is J of an inch. In like manner 
the width of the exhaust-space is i-J-ff — -2 = ^4 of inch; the 
width used is 2 Xt?=i| of an inch. In order that the edge c 
of the passage through the valve may not reduce the passage 
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through the port to less than \ of an inch, the distance ac is 
made + J = 2 inches; this feature is frequently overlooked and 
dc is carelessly made equal to ef. In order that the edge g of the 
valve shall not come to the edge b of the port, the distance bg is 
made + J = of an inch. The valve-face is cut away at a 
point h, 1 1 of an inch from g, thereby gi\dng an overtravel of 
J of an inch. In order that the space efdc may be made small, 
the height of the exhaust-space is made only | of an inch, a dimen- 
sion that is probably too small to give a perfectly free exhaust. 

The length of the cut-off valve must be enough so that steam 
cannot leak past the inside edge when the valve is set to give the 
earliest cut-off and when it also has its maximum displacement. 
In Fig. 2, PI. XXVIII, the position of the valve to give cut-off 
at cf the stroke is shown by dotted lines; its lap is ^ of an 
inch, and its left-hand edge k is i-f J = of an inch from e. 

The length of the cut-off valve is i^ + J+ife = 2^ inches. The 
cut-off valve is shown in section with a clearance of |i of an 
inch, which is proper for giving the longest cut-off coincident 
with that of the main valve; its left-hand edge is = 

inches from the edge / of the port ef\ the distance of the edge / 
of the port from the middle of the valve is made 3A inches. 
The half-length of the main valve, over all, is made 4|- inches, 
and provides an overtravcl of } of an inch for the cut-off valve 
when set to give the earliest cut-off. The cut-off valve has an over- 
travcl only when the cut-off comes early in the stroke; the main 
valve might be somewhat shorter, but an attempt to pro\'ide over- 
travcl for the cut-off valve when it gives a long cut-off will make 
the main valve too short. 

The valve-spindle is provided with a right-and-left-hand 
screw, of which the right-hand part is shown. The thread 
should be cut only far enough to give the desired variation of 
cut-off, or some other stop should be provided in order that 
the engine attendants may not move the cut-off valve too far 
out, and so get a leakage or even admission of steam past the 
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inner edge. The spindle is shown in two parts, joined by a 
right-handed screw and circular nut or sleeve with pins to prevent 
the joint from jarring loose; this arrangement is to facilitate the 
assembling of the valve-gear. 

In this design the exhaust-lap is made zero and the compres- 
sion and release are neglected; in practice these features should 
receive the same attention as is accorded to them in designing 
a plain slide-valve. Again, the irregularity of the piston-motion 
due to the angularity of the connecting-rod has been ignored, 
and the clearance (or lap) of the cut-off valve has been made 
the same at both ends. This method is commonly followed in 
practice, but by using proper pitches for the threads on the valve- 
spindle the cut-off may be equalized at two points of the stroke, 
for example at ^ and at J stroke, and will then be found to be 
more nearly equal for all parts of the stroke, except for long 
cut-off, when inequality is of less importance. 

Meyer Valve with Cut-off at Inside Edge. — Sometimes the 
Meyer valve is designed to cut off at the inside edge, as shown 
by Fig. '4, PI. XXVIII. It is then convenient to consider that 
the valve has a lap ab which diminishes as the cut-off is lengthened, 
and which may become zero and finally change to a clearance, 
shown by ac when the valve is in the position indicated by dotted 
lines. The eccentric is given a negative angular advance, i.e. it 
is set somewhat less than 90° ahead of the crank. 

In Fig. 4, PL XXVII, the main valve-circle is OP, giving 
a cut-off at OR, with a lap On^On'\ Let it be assumed that 
the earliest required cut-off is at OR2, and that the latest read- 
mission must be at ORi] then the auxiliary circle may have 
its diameter at OP^, on a line bisecting the angle RxOR2. The 
diameter of the valve-circle for showing the absolute displace- 
ment of the cut-off valve will be found at OPq by completing 
the parallelogram PP^OPo, the eccentricity for the cut-off valve- 
eccentric is OPq, and the negative angular advance is YOPq, 
The auxiliary circle may be placed lower down, thereby giving 
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an earlier readmission and at the same time a larger eccentricity^ 
but it cannot be placed higher up. There is no danger of a 
double admission of steam at a long cut-ofF, in which regard this 
form of valve differs from the ordinary Meyer valve. 

The Meyer valve is sometimes applied to reversing-engines, 
like marine or locomotive engines, and in such case it is desirable 
to have the cut-off valve thrown entirely out of action in the 
backing motion of the engine because it is impossible to design 
a motion that shall be satisfactory in both forward and backing 
gear, and engines of such type habitually run forward and only 
back occasionally. The valve should then be designed for 
forward motion only and as such a valve is likely to give a very 
bad distribution of steam when backing, the plates may be 
drawn back so far that they will not have any effect in that 
gear. 

Cut-off Valve with Loose Eccentric. — Let the cut-off valve 
receive motion from an eccentric which may turn freely on the 
engine-shaft and which is under the control of a shaft-governor; 
let the clearance of the cut-off valve be unalterable: then the 
cut-off can be varied by changing the angular advance of the 
cut-off eccentric. 

In Fig. 3 , PI. XXVII, the main valve-circle is OP, and with 
a lap on=^on' the cut-off by the main valve occurs at ORc. The 
cut-off eccentric may have its angular advance changed from 
YOPo to FOPo', then the auxiliary circle may change from OPx 
to OP/. When the position of the diameter OPo of the circle, 
showing the absolute displacement of the cut-off valve, is known, 
the auxiliary circle may be located by completing the parallelo- 
gram PPqOPx] or the centre Cx of the auxiliaiy^ circle may 
be located by completing a parallelogram CCqOCx on the half- 
diameters 00 and OCo of the main valve-circle and the cut-off 
valve-circle. Since the side CCx of this last parallelogram is 
equal to OCo==iOPo, it is at once apparent that the locus of the 
centre of the auxiliaiy circle is the dotted circle CxC/ drawn from 
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the centre C of the main valve-circle, and with a radius equal to 
half the eccentricity of the cut-oiBF eccentric. Again, since PP^. 
is equal to OPo, the locus of the end of the diameter of the auxili- 
ary circle is a circle drawn from P as a centre and with a radius 
equal to the eccentricity of the cut-off eccentric. The locus of 
the end of the diameter of the auxiliary circle is the more con- 
venient for use in solution of problems. 

Let it be assumed that the cut-off shall vary from the crank- 
position ORc, coincident with the cut-off by the main valve, to 
ORi, corresponding to J stroke for harmonic motion. Assume 
the clearance of the cut-off valve and draw the circle IVl". Erect 
a perpendicular SC^ at the middle of the line OV'] it will intersect 
the locus CzCj at C^;, the centre of the auxiliary circle that will 
give a cut-off by the cut-off valve coincident with the cut-off by 
the main valve. In like manner, erect a perpendicular at the 
middle of the line 0V\ it will locate the centre Cx of the auxiliary 
circle that gives a cut-off at OPi, corresponding to I stroke. 
By drawing perpendiculars from and V, the ends of the 
diameter OP.i/ and OP/' would have been found. 

In designing a valve-gear of this type, the clearance of the cut- 
off valve may be chosen, usually somewhat larger than the width 
of the port in the main valve; and then the auxiliary circle for 
maximum cut-off may be given such a diameter that a satisfactory 
action may be had in that gear. The eccentricity of the cut-off 
eccentric will be found by completing the parallelogram in the 
usual way; should the result be an undesirable dimension it may 
be modified, since the diameter of the auxiliary circle may be 
^^aried to a considerable extent. Finally, the auxiliary circle to 
give the earliest cut-off may be found by the process just stated; 
it is liable to have a large diameter, and the travel and wear of the 
'Ut-off valve is likely to be excessive. In the figure the auxil- 
iary circle which gives a cut-off at \ stroke is one-third larger 
than the main valve-circle, and it would be still larger for a 
shorter cut-off. It may be seen that the maximum diameter of 
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the auxiliary circle is equal to the sum of the eccentricities for 
the two eccentrics. 

If this gear is used with a shaft-governor, the cut-off by the 
main valve will commonly be earlier than that shown in Fig. 3 
— a circumstance that will make the design of a satisfactory 
gear easier. Moreover, it may be possible to limit the maxi- 
mum cut-off to half-stroke or less, even though the main valve 
gives a cut-off beyond half-stroke; in that case the valve mechan- 
ism must be so arranged that the cut-off valve cannot act beyond 
the assumed range of cut-off, otherwise a double admission may 
occur. These observations are applicable also to the next type 
of valve-gear. 

Cut-off Valve with Constant Travel. — It is desirable that a 
valve shall overtravel its seat in order that the seat and the face 
of the valve may wear evenly and remain true. This is seldom 
possible for all grades of cut-off with a Meyer valve of common 
proportions, or with a cut-off valve under the control of a loose 
eccentric. It has been seen that the design of the cut-off valve is 
conveniently begun by choosing the diameter and position of the 
auxiliary circle; it will be found that the design of a double 
valve-gear for a given purpose may be worked out by first 
finding how the auxiliary circle must be located or changed to 
give the desired action, and then finding how the cut-off eccentric 
must move to produce such an auxiliary circle. 

Suppose that the auxiliary valve-circle is to have a constant 
diameter, and that the variation in cut-off is to be produced by 
swinging the auxiliary circle around the origin O, Fig. i, PL 
XXIX, from the position OPa^ to OPJ, With a clearance equal 
to 0/ = 0/' = 0/", the first-named auxiliary circle will give cut- 
off at ORc, coincident with the cut-off by the main valve; and 
the other auxiliary circle, OP/, will give cut-off at OPi, corre- 
sponding to stroke. The diameters of the cut-off valve-circles, 
showing absolute displacements, are OPq and OPo^ found by 
completing the parallelograms PPxOPq and PPx'OPq. It is 
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evident that the locus of the point Pq is the circle FqPo' drawn 
from P as a centre and with a radius equal to the diameter of 
.the auxiliary circle. 

The arrangement of the eccentrics for this type of valve- 
gear is shown by Fig. 2, PI. XXIX. The centre of the engine- 
shaft is at 0 ; on the shaft is the fixed eccentric centred at 
for giving motion to the main valve; the cut-off eccentric is 
carried by the main eccentric, and is shown by the full-line circle 
with its centre at Eq\ corresponding to OPq' in Fig. i, while 
the dotted circle shows it with the centre at Eq^ corresponding 
to OPo in Fig. i. The cut-off eccentric may readily be placed 
under the control of a shaft-governor. 

The main valve represented by Fig. 3, PL XXIX, has a lap 
of i of an inch, and is moved by an eccentric having of an 
inch eccentricity, and is consequently a reduplication of the 
main valve for the Meyer valve-gear shown on PL XXVIII, at 
its lower surface; the top is of course laid out after the cut-off 
valve has been designed. The main valve-circle has its diameter 
at OP, Fig. I, and the cut-off by that valve occurs at OPc- The 
cut-off valve is a double-ported or gridiron valve, each of the 
ports being \ of an inch wide. The clearance of the cut-off 
valve is assumed to be f of an inch, represented by the circle 
IVI" As the auxiliary circle swings toward the right to give an 
earlier cut-off, the readmission moves through the same angle 
toward the line OPc> the crank-position at cut-off by the main 
valve; and it is at once evident that the readmission must not 
be earlier than ORa otherwise a double admission may occur. 
The smallest admissible auxiliary circle will have its centre on 
the line OS bisecting the angle R\ORc, and it will j)ass through 
the points V and /" at the intersection of the clcarancc-circle by 
the lines OR\ and OPc- The diameter chosen for the auxiliary 
circle is f of an inch, or twice the clearance of the cut-off valve. 
The extreme positions, OP/ and of the auxiliary circle are 

so located that they shall pass, one through V and the other 
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through they give cut-off at ORy, and at ORe- The corre- 
sponding diameters of the cut-off valve-circles are OPo' sind 
OPo> found by completing the parallelograms P^PPoO and 
PxRPqO. The cut-ofi eccentric is mounted on the main eccen- 
tric and has an eccentricity, referred to that eccentric, of | of 
an inch, equal to the diameter of the auxiliary circle. 

In laying out the cut-off valve and the upper surface of the 
main valve, it is convenient to begin in Fig. 3 by placing the 
port a in a convenient position near the exhaust-space e. From 
the right-hand edge of this port lay off | of an inch to c, the left- 
hand edge o the outer part of the cut-off valve; this is equal 
to the greatest displacement of that valve, and insures that the 
edge c shall not overrun and contract the port a. From c lay 
off somewhat more than f of an inch, in this case H of an inch 
to the left-hand edge of the port 6; this gives the necessary length 
of the bar cd in order that leakage may not occur past the edge 
c at the maximum displacement toward the right. The clearance, 
I of an inch, is laid off from the right-hand edge of the port 6, 
to determine the edge d of the bar cd. The inner right- 
hand bar is made as wide as cd. The left-hand half of the 
main valve and the cut-off valve is a counterpart of the right- 
hand half. 

The cut-off valve-spindle takes hold of a lug on one of the 
bars of the gridiron cul-off valve; and the main valve-spindle 
passes through a tube or passage bored out through the middle 
of the main valve. 

To Set a Double Valve-gear. — Set the main valve to give 
equal lead; the cut-off by that valve has little influence on the 
running of the engine, and requires little or no attention. If 
the cut off \alvc is designed to cut off at a delimte point when 
the engine is running under normal conditions, equalize the 
cul-olT by that valve at that point. If the load on the engine 
and the cut-off arc variable within a limited range, the valve 
should be set to give the least irregularity within that range; 
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it will usually be suf&cient to equalize the cut-off for the middle 
of the range. If the range of cut-off is wide, it will often be im- 
possible to get a good action for the entire range, and then it will 
be advisable to equalize the cut-off for some early point in the 
stroke of the piston. It has already been pointed out that the 
Meyer valve may have the cut-off equalized at two points of the 
stroke by using unequal pitches for the screws on the valve, 
"pindk. 



CHAPTER VI. 


DROP CUT-OFF VALVE-GEARS. 

In this chapter there will be given descriptions of a few 
special forms of valve-gears, selected, partly at random, from 
the large variety of such gears employed by the builders of auto- 
matic cut-off stationary engines. All are of the four-valve type 
of valve-gears, and all give a drop or disengagement cut-off. A 
description and analysis of these few forms will enable the 
student to analyze and understand other gears of similar types. 

Brown Engine Gear.— Fig. i, PL XXX, gives a section 
through the head-end valves and valve-chests of the Brown 
engine; the crank-end valves and gears are a duplication of 
those for the head end. The admission-valve F is a five-ported 
gridiron valve on a vertical valve-seat, and the exhaust-valve is 
a three-ported gridiron valve on a horizontal seat. Both are 
controlled by valve-gears on the shaft O, which is driven by the 
engine-shaft through a pair of equal bevel-gears and which makes 
one revolution for each revolution of the engine. It is clear 
that four such valves might be driven directly by one eccentric 
on the engine-shaft, or by four eccentrics on the shaft O, and 
that in such case the four valves would be equivalent to one 
plain slide-valve, and would be designed by the principles laid 
down in the first chapter. 

The eccentric E, which moves the steam valve-gear, is set 
to one side of a vertical through e, so that it gives a slow up- 
ward motion to the lever je. The toe of the lever fe catches 



I 10 


VALyE-GEARS FOR STEAM-ENGINES. 


under the edge of the latch L, and lifts the valve V through the 
‘spindle 5 F. When the tail of the latch strikes the pin d, the 
valve is disengaged from the lever /^, and it falls shut; a dash- 
pot P checks the fall of the valve and prevents jar. The pin 
d on the arm hd is under the control of the governor through 
the horizontal shaft 6. It is commonly said that the governor 
on an engine with a detachment cut-off gear has only the light 
duty of setting the stop (in this case the pin d) that unlatches 
the gear and releases the valve; the friction of the governor 
and the attached parts is, or should be, small. Most such gears 
throw a shock on the governor, tending to disturb it and make 
it race when the cut-off valve is released; and the governor 
should be sufi&ciently powerful to resist the shock. In this 
gear, when the tail of the latch L strikes the pin d, the shock 
tends to open the later and to throw the pin toward the left; 
both will yield, but the motion of d, and consequently of the 
governor, is slight. 

The exhaust-valve is moved by the cam C, which consists 
of a groove, in the face of a disk, in which works a roller on 
the end of the lever trS\ The end S' of the lever is slotted and 
provided with a block to avoid bending the valve-spindle V'S'. 
The action of this cam is equivalent to that of an eccentric, 
except that there are periods of rest when the valve is open or 
shut. Fig. 2 shows two ways of laying out such a cam; it is 
intended to show general principles only, and would require 
some modification to fit it to the engine shown by Fig. i. Let 
it be supposed that the cam acts directly on the end of a hori- 
zontal valve-spindle, such as F' 5 ', Fig. i, and that its centre is 
on a prolongation of the path of the valve-spind'e. Suppose, 
further, that the cam turns toward the left, and that the valve 
shall begin to open when the line Od is horizontal, and be wide 
open when Oh is horizontal. To give a uniform motion to the 
cam, make the curve i, 3, 7 an arc of an Archimedean spiral; 
this is done by dividing the angular space hd and the linear space 



DROP CUT-OFF yALVE^GEARS. 


iir 


i'7 into the same number of equal parts, and by drawing inter- 
secting arcs and radii, 6'6, 06, s's, Os, etc., as shown. The 
cam from 6 to c is a circular groove, so that the cam remains at 
rest till the line Oc comes into coincidence with the path of the 
valve-spindle. The groove from the line Oc to the line Oa is so 
designed that is gives a harmonic motion. On the line I'y a 
semicircle is drawn, and its arc and the angular space cOa are 
divided into the same number of equal parts; arcs and radii 
are drawn intersecting at i, 2, 3, etc. Finally, the cam from 
Oa to Od is a circular arc, giving a period of rest. The second 
construction, giving harmonic motion, is to be preferred for 
heavy valves having a rapid motion, in order that they may 
start and stop easily and quietly; fo valves that move 
slowly 'and have a large frictional resistance, the first con- 
struction may be preferable, but the cam should be modified 
by rounding the corners at i and 7, to avoid a shock at starting 
and stopping. The positions of the lines 06, Od, Oa, and Oc 
may be chosen by the designer so that the time and rate at which 
the valve opens and shuts may conform to Ihe requirements of 
his design and to the dictates of his judgment and experience. 

The cam in the figure has a symmetry with regard to the 
axes xo(f and yy' that suggests the resemblance of its action to 
that of an eccentric. 

It is neither necessary nor customary to balance valves of 
the type used on the Brown engine, for they have little pressure 
on them to produce friction when they are moving, and when 
they arc shut they are at rest. It is usual and advisab e to set 
the exhaust-valve to give compression nearly up to the steam- 
pressure in the steam-chest, so that the pressure under the steam- 
valve is nearly equal to the pressure on it at admission. The 
valve drops shut at cut-off, and after it is at rest the steam-pres- 
sure in the cylinder is reduced by expansion. The expansion is 
carried down to within a few pounds of the back-pressure, so 
that at release the pressure on the exhaust- valve is not excessive: 
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at compression the pressure in the cylinder rises after the valve 
is at rest. 

A feature common to many detachment cut-off gears can be 
well shown by reference to Fig. i, PI. XXX. Let it be supposed 
that the eccentric E has no angular advance, and that the valve 
has no lead; then the valve will open at the beginning of the 
stroke, and will have its greatest displacement, provided that 
it is not sooner released, when the piston is at or near half-stroke. 
If the latch has not then struck the pin c?, it will not strike it at 
all, and the valve will remain connected to the gear, and will 
close at or near the end of the stroke. It is also evident that giving 
angular advance to the eccentric and lap to the valve will limit 
still further the range of cut-off. In this gear, however, the cut- 
off may be continued beyond half-stroke by giving a negative 
angular advance to the eccentric and a clearance to the valve. 
If an engine with a detachment cut-off that is limited to the 
first half of the stroke is overloaded, there is a liability that a 
failure to cut off will occur, in which case the sudden increase 
of work due to the steam following the piston to the end of the 
stroke will make the engine run very irregularly. 

Corliss Valve-gear. — Of aU types of detachment valve-gears, 
that invented by Corliss has been most widely known and has 
received the most favor. A modification of this gear designed 
by Mr. Edwin Reynolds is shown by Plate XXXI, which repre- 
sents the valve-gear on the intermediate cylinder of the trij)lc- 
expansion engine in the Engineering Laboratories of the Massa- 
chusetts Institute of Technology. 

The Corliss type of engine has two steam-chests, S for the 
supply and R for the exhaust; the latter is separated from the 
cylinder in order that the exhaust-steam may not c'liill it. 
This arrangement produces a somewhat rectangular casting 
containing the steam-chests and the cylinder, at the four corners 
of which are placed four valves, two of which, V and are ad- 
mission- or steam-valves, and the other two, W and w, arc exhaust- 
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valves. The valve-seats are bored cylindrical and the faces of 
the valves are turned to fit; the valves bear on half a circle or 
less, and are so connected to the valve-spindles that they may 
follow the valve-seats without cramping the valve-spindles. The 
valve-spindles, which are at right angles to the axis of the cylinder, 
project through stuffing-boxes and carry cranks on the ends, by 
means of which the valves are turned on their seats. The exhaust- 
valves W and w have their valve-cranks WD and wd connected 
directly to pins A and a, in a wrist-plate O, which receives a 
harmonic oscillation from an eccentric on the engine-shaft. The 
admission-valves take steam on their inner edges as shown at 7, 
and their cranks carry blocks as shown at the crank-end. In 
the figure a section is taken just behind the crank Vh, which is 
represented by a dotted line only, in order to show the disen- 
gagement-latch zTh^ which engages the block h and is carried 
by the bell-crank lever EVT] the lever EVT is connected by 
the link EB to the wrist-plate. The latch is opened when the 
finger Tz strikes the stop x on the ring xq] the ring is placed 
under the control of the governor through the cut-off rod NM 
and the double-armed bell-crank lever Mbn, to which the gov- 
ernor-rod is attached at 1. The linkage made up of the valve- 
crank, valve-rod, and wrist-plate, for example Oadw, is designed 
to give a slow motion when the valve is closed, and a rapid motion 
when opening or closing. The figure shows the wrist-plate 
and valves in mid-position, the eccentric being erect. The ex- 
haust-valve w has its edge on the edge of the port; its crank 
moves through the angle dwdo, while the wrist-plate oscillates 
through the angle aOao, but that crank has only the angular 
motion dwdi, while the wrist-plate moves through the angle aOai = 
aOao. The ad mission -valves have a similar action as shown at 
e\ve 2 . If it be supposed that the governor-balls are at their 
lowest position (at which the disengagement-gear does not act), 
it will be seen that this gear differs from the plain slide- \al\e 
gear in two points: first, it has four valves; and second, these 
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valves have a more favorable action when opening and closing, 
on account of the linkages just described. 

From a pin at g in the crank F/i, a dash-pot rod represented 
by the line gi leads to a vacuum dash-pot shown by Fig. 2. This 
dash-pot has two pistons, p and P; the lower piston fits nicely 
in a closed cylinder from which air is excluded ; the upper piston 
works in a larger cylinder that is open to the atmosphere through 
a series of orifices i, ii, and ^’2 and the pipe O. When the valve- 
crank Vh, Fig. I, is raised, it lifts the double piston Pp and a 
partial vacuum is formed under p, while air enters freely through 
the orifices i, ii, ^2) to the annular space under the piston P. 
When the valve is disengaged, the weight of the dash-pot and the 
dash-pot rod, aided by the vacuum under the piston p, closes thp 
valve promptly ; while the air under the piston P acts as a buffer 
and prevents a shock. The pipe O is provided with a hollow 
plug as shown, by aid of which the escape of air through the 
orifices i, i\, and h may be regulated. 

A large number of detachment-gears have been devised and 
used by Corliss, and by others who have used this type of valve- 
gear. The one shown by Fig. i, PL XXXI, was invented by 
Mr. Reynolds and has the advantage that the latch mechanism 
is centred on the same axis as the cut-off stop; consequently the 
finger z always strikes the stop x at the same angle, and the 
same force is required to disengage the cut-off valve. The block, 
when disengaged, slides along the plate y. On the return motion 
the plate y slides over the block till it can snap on to it, under the 
influence of the spring st. 

It is customary to give a small lap to the steam-valves^ con- 
sequently, as with a plain slide-valve, the eccentric has a small 
angular advance. With such an arrangement the eccentric 
centre will be on the line of dead-points, and the valves will have 
their greatest displacement when the crank has moved through 
90° less than angular advance, and before the piston is at half- 
stroke. If the detachment-gear has not been released before 
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the valve has received its greatest displacement, the valve will 
not be disengaged at all, but will remain under the control of the 
linkage connecting it to the wrist-plate; and cut-off will occur 
near the end of the stroke, and will be determined by the lap and 
angular advance as with a plain slide-valve. It is therefore 
evident that the range of cut-off for the ordinary form of the 
Corliss gear is from the beginning of the stroke to half-stroke or 
less. When a longer cut-off is desired, for example on the low- 
pressure cylinder of a compound engine, two wrist-plates may be 
used; one wrist -plate, moved by an eccentric with a small angular 
advance, has control of the exhaust-valves, and gives release and 
compression near the ends of the stroke; the other wrist-plate is 
moved by an eccentr'c with a negative angular advance, and has 
control of the steam-valves which have a clearance instead of a 
lap : with this device the range of cut-off may be extended beyond 
half-stroke 

Expertness in laying out Corliss valve-gears can be obtained 
only by experience, with good examples for models. The steam- 
port may be made from yV to A of the area of the piston, and 
the exhaust-port may be made yV to of that area. The ex- 
haust-valve commonly has no lap; the admission-valve has a 
small lap, J of an inch, in Fig. i, PL XXXI. In that figure 
ve is the mid-position of the steam valve-crank, and e'ei is the 
maximum valve-displacement, equal to the lap plus the port- 
opening; vei is the extreme position of the valve-crank. The 
points b and 61 are found by intersecting the arc 6162 by arcs 
drawn from e and ex with a radius equal to the length of the link 
BE. The arc 662 is made equal to 661, and veo, the extreme 
position of the crank when the valve is shut, is found by inter- 
secting the arc 6x62 by an arc drawn from 62 with a radius equal 
to the length of the link. The linkage Oadw is laid out ’in a 
similar way, except that the angle aOax is from necessity equal 
to bOb. The lengths of the valve-cranks and the radii from 
the centre of the wrist-plate to the pins a and b depend partly 
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on the proportions of the engine and partly on the habit and 
discretion of the designer; the longer they are, the less will be the 
force exerted on the links, ad and be, and on the pins which they 
connect. The angle veb should be nearly a right angle, so that 
a rapid opening of the valve may be obtained. The pin C in 
the wrist-plate receives motion from the eccentric either directly 
or through a carrier or single-armed rocker that magnifies the 
throw of the eccentric in about the proportion of i : ij. The 
chord of the arc C1C2, through which C swings, is not longer than 
the radius OC in order that the angle CiOC may not be more 
than 30°. The linkages Oadw and Obev are to be laid out by 
trial to give as nearly as may be the desired motion to the valves. 
It will be noticed that the radius Oai and the link aidi are in one 
straight line at the extreme position of the exhaust- valve; and 
in like manner O62 and 62^2 are in one line; should the linkages 
be carried beyond these positions, a double oscillation would be 
given to the valve-cranks, which is considered to have a bad 
appearance. The system of rods and levers connecting the rings 
xqN and vn with the governor is laid out so that the cut-off may 
come at the beginning of the stroke when the governor stands at 
the top of its range of motion, and when the governor is at the 
bottom of that range the cut-off may come at or after half-stroke, 
i.e. the valve will not be released. Though it is not always done, 
it will be advisable for an inexperienced designer to draw the 
valve-ellipse for the steam- and exhaust-valves The ellipse, 
or more properly the oval, will have a form like that shown ])y 
Fig. 3. The valve will be found to open rapidly and to nearly 
its full width early in the stroke of the piston. A line 7m' drawn 
at the distance xn, equal to the lap, from the axis .vjc', \\ ill show 
that the cut-off occurs near the end of the stroke. The valve 
will be found to be nearly at rest during the greater part of the 
time when it is closed. 

The steam-valve is disengaged when the latch holding it is 
released, but cut-off does not occur till the edge of the \'alve 
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comes to the edge of the port, which is an appreciable time later. 
In Fig. 3, PL XXXI, let a represent the point of disengagement; 
then, under the influence of the dash-pot, the valve falls with an 
accelerated velocity till it is checked by the air-cushion in the 
dash-pot. Representing the motion of the piston by abscissae, 
and the motion of the valve by ordinates (just as in drawing 
the ellipse), the action of the valve in closing may be represented 
by the dotted line ahc\ the point of cut-off is represented by & 
at the intersection of this line and the lap-line nn'. The piston- 
displacements may be readily found from the dimensions of the 
engine and its speed of rotation, but the forces acting on the 
valve and its resistances cannot be estimated. The forces are 
the weight of the dash-pot and attached parts, together with the 
pressure of the atmosphere on the area of the piston p. The 
resistances are friction of the valve, of the dash-pot, and of other 
parts of the mechanism, and the varying pressures under the 
pistons P and p] the pressure under P is due to the escaping 
air, and under p to the air beneath it w’’hen at its lowest 
position. Though the line abc cannot be determined by cal- 
culation or construction, it may be found experimentally by 
an apparatus described on page 7 for making an engine draw 
its own ellipse. The action of the valves of a Corliss engine 
is commonly investigated by aid of a steam-engine indicator; if 
the indicator diagram shows a sharp cut-off, and if the other 
features arc good, the action of the valves is considered to be 
satisfactory. 

Putnam Valve-gear. The Putnam engine has four double 
poppet-valves, two for admission and two for exhaust. Plate 
XXXII shows a section through one of the admission-valves 
and its valve-gear. XX' is a casting bolted onto the cylinder- 
casting. The space SS' is the steam-chest, and the space P 
leads to the cylinder. The two valves V and Vi are made of 
composition and, when closed, rest on composition scats let 
into the casting. The seat of the valve V is large enough to 
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pass the valve 7i, so that the valves may be readily withdrawn 
through the hand-hole H. The unbalanced pressure, which must 
be overcome when the valve is opened, is that on the excess 
of the area of the upper valve over that of the lower valve. The 
valve-spindle ab is made of iron to avoid unequal expansion 
and consequent leakage; for, if the distance between the valves 
is not exactly the same as the distance between the valve-seats, 
one or other of the valves will not come properly to its seat. 

The valve-spindle ab is stepped into a frame mn, shown 
in section. The arm gq is loose on the shaft and under the 
influence of the spring Ik presses on the frame mn\ a pin f is 
interposed to reduce friction. The other arm, gj, of the bell- 
crank lever carries the cam-lever /a, which acts on the frame mn 
through the interposed sliding-block d and the pin p\ this cam- 
lever is driven by the double cam C. This cam C, and three 
others, one for the other steam-valve and two for the exhaust- 
valves, are carried by a shaft which is parallel to the axis of 
the cylinder and which is driven from the engine-shaft through 
bevel-gears, so proportioned that the cam-shaft makes one turn 
for two revolutions of the engine. The figure shows the cam 
in contact with the cam-lever, and the valves on their seats; 
the engine is consequently at admission. As the engine moves 
forward, the cam-shaft turns as shown by the arrow and raises 
the valves, giving admission of steam, till the cam slides past the 
corner y of the cam-lever; the valve is then released and falls 
shut under the influence of the spring kl. The governor-rod 
takes hold of the pin h at the end of the lever gh. When the 
speed of the engine increases and the governor rises, the lever 
hg is thrown down and the cam-lever ej is pushed to the left, so 
that the cut-off comes earlier. No shock is thrown on the 
governor when the valve is released, but as the edge of the cam 
is rounded to avoid cutting the cam-lever, there is a tendency 
to disturb the governor which the governor must be able to 
resist. Should the valve fail to close for any reason, the other 
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end of the cam will strike on i and close the valve before the 
engine makes a return stroke. 

The exhaust-cam is shown at . 4 . At each end the cam is 
cylindrical, so that it holds the exhaust-valve open till near the 
end of the stroke. The exhaust cam-lever is not placed under the 
control of the governor, but can be set to give a fixed compression. 

Gaskill Valve-gear. — One of the steam-valves for the high- 
pressure cylinder of the Gaskill horizontal pumping-engine, and 
part of the valve-gear, are shown on Plate XXXIII. The valve 
is shown in section by Fig. 2, and the seat is shown in section 
and half-plan by Figs. 2 and 3. The valve is of the Cornish 
type and differs from the double poppet-valve only in detail. 
Like that valve it consists of two valves joined together, the 
inner valve being small enough to pass through the valve-seat 
of the outer or upper valve. The unbalanced pressure to be 
overcome to open the valve is that on the difference of areas 
of the two valves. When open, both valves give admission 
of steam. The valve-seat S is bolted to the cylinder-casting, 
and a passage leads directly to the end of the cylinder. The 
valve is covered by a small cylindrical valve-chest; there are 
two such chests, one at each end of the cylixder, supplied by 
a branched steam-pipe. 

The valve-gear is shown by Fig. i, in which E is an eccentric 
on a shaft parallel to the axis of the cylinder, and driven from 
the engine-shaft through equal bevel-gears, so that it makes one 
turn for each revolution of the engine. The eccentric-strap has 
the cut-off too a at one end and a lug b at the other. From b 
the rod bC leads to one end of an equal-armed lever, and the 
valve-spindle d is hung from the other arm; the distance be- 
tween the rod C and the valve-spindle is several times as much 
as shown in the figure. The lever il, centred at h, is under the 
control of the governor through the rod ki. The eccentric and 
eccentric-strap, with the lever il, form a radial-detachment cut- 
off gear. 
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Suppose, first, that the lever hi is thrown so far to the right 
that the toe a does not touch it; then as the centre of the eccen- 
tric describes a circular path around the point O, the point 6o 
of the line h^Ea will move on an arc sensibly parallel with the 
axis XX' ^ and the point will describe an oval the 

valve meanwhile will remain shut. 

' On the other hand, if the lever hi is supposed to be so far 
to the left that the toe a may remain always in contact with its 
curved end, and if by some means it is prevented from rising 
from that surface, then the point a will travel on a circular arc 
nearly coincident with the axis XX' ^ and the point 6 'will describe 
the oval 60^1^2; such an action is of course impossible when 
the gear is connected up, as the valve is on its seat when the 
point b is on the axis XX' and consequently b cannot rise above 
that axis. 

With the lever hi in the position shown in the figure, the 
toe a describes the oval aia2^3 till it comes in contact with the 
curved surface at the end of the lever; and then a slides along 
that surface, while the point b describes the arc bibo, and the 
valve is opened as shown by Fig. 2. When the toe comes to 
the edge of the surface Z, it slips off and the valve is thrown shut 
by the action of a spring and dash-pot. The toe falls from 
a to (21, and the point 60 returns to b on the axis XX', 

It is evident that this form of valve-gear can give a range of 
cut-off varying from the beginning to the end of the stroke, and 
that the releasing-device docs not throw a shock on the governor. 
On the other hand, the sudden opening of the steam-valve when 
the toe a comes in contact with the lever hi throws a shock on 
the valve-gear that might be troublesome at any but the low 
speeds at which pumping-engines are commonly run. 
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ANALYTICAL DISCUSSION. 

Crank and Connecting-rod. — ^The graphical construction for 
the motion of a piston when connected to the crank by a con- 
necting-rod, given on page 2 , is customary and convenient. It 
may be desirable to have in addition the following analytical 
discussion of the problem. 

Let the length of the connecting-rod be represented by i, 
the length of the crank by R, and the angle which the crank 
makes with the centre-line XX% by 6; then the displacement 
HA of the cross-head from the beginning of its stroke is 

D = OA-Oc-iHC^-'C(^)i; 

D -- L+R-R cos 0-{L^-R^sm^e)i; 

The principal use of this equation is to study the nature 
of the irregularity introduced by the connecting-rod into the 
motion of the cross-head, and for that purpose it is convenient 
to expand the expression containing L by the binomial theorem, 
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rejecting terms having the higher powers of Z in the denominator; 
whence 




2)*= i2(i— COS 6) + 


B? sin^ 0 
2L ^ 


(2) 


The ratio of crank to connecting-rod in stationary-engine 
practice varies from 1:5 to 1:7^. In marine engineering the 
ratio 1:4, or even more, sometimes obtains. The maximum 
value of the term containing L occurs at ^=90°; for the ratios 
of crank to connecting-rod just given, the term containing L 
has then the values respectively. It is appar- 

ent that the difference between the motion of the cross-head 
and piston, and harmonic motion, represented by the equation 

2?=ie(i-cos0), (3) 


is always notable, and may be large. 

Eccentric and Eccentric-rod. — The displacement of the valve 
is always reckoned from the middle position, and in Fig. 4, 
PL I, 6 = ha\ it may be calculated as follows: 


e=Oe+Oa— (£/r— 

e=»'cos {90°— (0 + 5 )j +Z— [P— r2 sin2 {90°— ( 5 +( 5 )}]i; 


sin 


fl- 


r2cos2(<? + o'))i-i 


V 

f j J 


(4) 


This equation differs from equation (i) only in that the 
eccentric angle and the valve-displaccmcnt are reckoned from 
different points. Expanding by the binomial theorem and 
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rejecting terms containing the higher powers of / in the denom- 
inator gives 


c=r sin (0+5) + 


f2 cos ^{6 + 8 ) 
2l 


• - ( 5 ) 


The length of the eccentric-rod is commonly from 12 to 20 
times the eccentricity; the right-hand terms for sugh ratio will 
have the values and respectively, for maxima. It is 
customary to assume the motion of the valve to be harmonic, 
in which case it is represented by the equation 

^=rsin(^ + ^) (6) 


The error of this assumption, though appreciable, is not 
large; moreover the method of setting values of engines pre- 
vents any inconvenience from this source unless the eccentric- 
rods are very short. 

Stephenson Link-motion. — ^The only satisfactory justification of 
the use of Zeuner’s valve diagrams is the analytical discussion 
given by him in his Treatise on Valve-gear. That discussion 
involves the development of a number of long equations, which, 
however, require only a knowledge of simple trigonometry and 
present no great difficulty. 

As presented here the work is perhaps given with undue 
prolixity because il is desired that sufficient intermediate steps 
shall be given to enable any one to read it readily. It will be 
sufficient in any case to follow the transfoimations and recognize 
the results. It may be noted that the use of the model described 
on page (>4 does not depend on this discussion. 

On Plate XVI the Figures i and 2 are drawn to represent 
link-motions with o])cn and with crossed rods. The diagrams 
in thin lines give the ])ositions of the parts when the crank is 
on the crank-end dead-point; and the diagrams in hca\'y lines 
show the positions when the crank has mo\'ecl through the angle 0, 
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The eccentricity for each eccentric is and the angular 
advance is d. The link-pins are on the link-arc, the length of 
the eccentric-rcds is /, and the radius of the link-arc is p which 
may or may not be equal to L The length of half the link-arc 
is c, and the displacement of the link-block from the middle of 
the link-arc is d. In the discussion it is assumed that the link 
is supported and guided by the link-block, so that the point n 
remains on the line XX\ It is also assumed that the chord 
joining the link-pins is equal to the length of the link-arc between 
those pins, and that in like manner the displacement of the link- 
block from the middle of the link may be measured indifferently 
either on the link-arc or on the chord. The error of this assump- 
tion may be estimated as follows: A common proportion is 
/'==Jr = xV> 01* so that the arc subtends an angle of about 

20°, and for that angle the arc is 0.3490 of the radius and the 
chord is 0.3473 of the radius, and the error is a little more than 
half of one per cent. 

The distance from the centre of the driver-axle to the middle 
of the valve, in either Fig, i or Fig. 2, PI XVI, is 


Ob = Om+?nn+nh^Op — mp+mn + nh, ... (7) 

in which the length of the valvc-spindlc nb may be replaced by 
s, and the value of the other terms may be conveniently deter- 
mined as follows : 

First, the term mp is determined by the equation 


Now 


mp^mP sin viPp ={c — d) sin a, 


( 8 ) 


Sin a == 


FP' 


Op -Of 

2C 


(9) 


From Fig. i, PI. XVI, 

0^=0e+e^=0e+{£?-(P/)-£e)2!i; . . . (lo) 
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and from Fig. 2, 

Op=Oe+ep=Oe-^{EP-(Pp+Eef\i, . . (n) 
In either figure 

Oe^rsm(d-\-d), Ee^rcos(d^d), 


and 

Pp^mP cosmPp^{c—d) cos a; 

these values substituted in equations (lo) and (ii) give 

Op = rsm {d-]-d)-\-[P-[{c-d) coso:^/' cos + (12) 

the upper sign being taken for open and the lower sign for crossed 
rods. Expanding the term with a fractional exponent by the 
binomial theorem, and rejecting terms with the higher powers of 
/ in the denominator, gives 

^ ...... (^ — dPcos^o: 

Op=rsm (d-\-d)-^l 

, {c — d)r cos {d 4- 0) cos a 7^ cos^ {d + 8 ) 

± ^ . 

Now the terms containing cos a in the numerator have I in the 
denominator, and arc comparatively small, while a is not more 
than 30°, for wdiich the cosine is 0.866; consequently we may 
re])lare unity for cos a without much error. With that change 
and some expansion, 

O^=.sm(d+o^)+/-|+f-f 

(c—d)r COS cos^ {d-{-d) ^ . 

± — -j -I — (13) 
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Similarly Fig. i and Fig. 2 give respectively equations (14) and 

(15): 

0/>'=ey-Oe'=)FP'^-(P'/-£V)2}i-Oe'; . (14) 

Of = e'p'-Oe'={WP'^-(P'f+E'e')^i-Oe'. . (15) 

In either figure 

—r sin (0—S), E'P =rcos (d — d), E'P'=l, 

and 


P'p'=mP' cos mP'pf = (c+d) cos a; 

these terms substituted in equations (14) and (15) give 

0^= -r sin jP— [(c+d) cosaTr cos (<?- 5 )] 2 }*; (16) 

the upper sign being taken for open and the lower for crossed 
:rods. As in the previous work, cos ql may be replaced’ by 
^mity; expanding by the binomial theorem, and rejecting terms 
with the higher powers of I in the denominator, gives 

, (c+d)2 

0^=—r sin ( 0 — 5 )+/ — 

(c+d)r cos ( 0 — 5 ) f2 (.os2 ( 0 — 5 ) 

± - _ . 

ni M 

.•.O/=-rsin( 0 - 5 )+/-^-y-| 

(c + J)rcos (0 — d) cos^ (0—S) , ^ 

± j — . (17) 


Substituting in equation (9) the values for Op and Of, 
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. ysm (0+5)+rsin (^-^) zed 

ano:= -+ — 

zc za 


(c—d)r cos {d+§)~(c+d)r cos (d—§) 
zcl 


cos^ {d+S)—r^cos^{ 6 —d) 
4cl ’ 


^ ^ dT 

sin a =~cos S sin sin d sin cos ^ cos 0 . 

+|-^^[cOs2(0 + a)-COs2(/?-a)]. (18) 

To obtain an expression for the term mn in equation (7) 
consider Fig. 3, PL XVI, where P«o is half the link and UqT is 
the diameter of the arc Pno, while On corresponds to the line 
OnX' of Fig. I. If the half -chords Pmo and ni are drawn, 
it may be admitted that mn is nearly equal to moi, so that 
approximately 


mn=mon —ino. 


But noting that the diameter noT is divided into segments both 
by Pmo and l)y ni, and that the snraller segments are very small 
compared with the larger segments, we may write 


mn~ 


Pmn 

moT 


m 


iT 


2 0 2p 


(nearly). . . (19) 


Substituting in equation (7) the values of the several terms, 
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cd 6? 

0&=/'sin b cosd+r cos b sin 

J 0 cos b — sm 6 sin b) ^ 

{ T Y dy 

’-(c—d) j -cos b sin i 9T ysin b sin ^Ty^cos b cos0 

+7 (^+^)-cos 2 (5-^)] I +--- +s; 

Ob=r[sm b±^—^cos b±(c--d)-^j cos (?] cos d 


cV 


c — d . C’^d c-^d 

+;'[cos b^—f— sin b cos 5±— sin b] sin 9 

if c I 


— ^{2c cos^ (5+0) — (c— <f)[cos2 (5+5)— cos^ (5—5)]} 
— c^p+2cdp—d^p—2(c—d)dp+cH—(Pl , 

+ — +/+5; 


C2~^2 


Oh — r[ sin — cos o ) cos 0-\-r — cos sin 0 


cl 


a), 


d 


— ^[(c+5) cos^ (5+5) + (c— fZ) cos“ (5—5)] 


+ {c--d‘^)-~ +!-{-$ 


(20) 


The third term has its greatest value when d is equal to c, 
and it is then ecjual to 

r- cos^ (0 + 0 ) 

~2l ’ 
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which is the term that appears in equation (5) for the plain 
slide-valve. In the discussion of the plain slide-valve this term 
was neglected, and consequently it may be neglected here with 
equal propriety. Equation (20) may therefore be written 

\ d 

cos d cos cos d sin d 
) ^ 

+ {c^-d‘^i^+l+S. !2l) 

If the engine is on the crank-end dead-point, then 6 is zero ; 
and it is 180° at the head-end dead-point. These special values 
of the crank-angle give 

sin cos (?) . (22) 

OV'= -r{sm cos ^ + {c^-d 4 -^+l+s. (23) 


^sir 


Oh^A sin d±. 


c^—d^ 
cl 


The mid-position of the valve should be midway between 
V and Figs, i and 2, PI. XVI; half the sum of Oh' and Ob" is 


^ Oh' + OV' ,, 

Oo = ^ 


(24) 


in which the only variable is the term containing p, the radius 
of curvature of the link-arc. If p be made equal to then this 
term disappears, leaving 

Oo=l+s (25) 

With equal laps, the necessary and sufficient condition jor 
equal leads, at all grades, is that the radius of the link-arc shall 
be equal to the length of the eccentric-rod. 
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Applying this condition to equation (21) gives 

/ c^—d^ \ d 

Ob=rl sin d±—^ cos dj cos 6 +r- cos d Sind +l+s. (26) 

The displacement of the valve from mid-position is 

e^Ob — Oo; 

/ c^—d^ \ d 

A e = rf sin o ± — cos 3 j cos ^ 4-r- cos d sin d. . (27) 

General Equation for Valve-motion. — Equation (6), page 123, 
gives for the displacement of a plain slide-valve moved by an 
eccentric 

sin 

expanding the parenthesis, 

e = r cos d sm 6 -\-r ^md cosdi • • • • (28) 

which may be written 


e = cos + B sin (29) 

since r and d are constant for a given slide-valve gear. 

It has been shown by the aid of Fig. 7, PL II, that the 
motion of a plain slide-valve may be represented by a valve- 
circle, and a comparison of that figure with equation (29) will 
show that the constants in the equation are the coordinates of 
the end P of the diameter of the valve-circle. Thus 


Oq==rsmd^A\ ( 31 ) 

Pq=^r cosd^B (32) 
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It may be concluded that any valve whicli Has its displace- 
ment represented by an equation of the same form as equation 
(29) has a harmonic motion and may have its motion repre- 
sented by a valve-circle. 

Zetmer’s Diagram. — comparison of equation (27) with 
equation (29) shows that a valve controlled by a Stephenson 
link-motion has a harmonic motion, and that its displacements 
from mid-position, at any grade of the link, may be Represented 
by a valve-circle, having for the coordinates of the end of the 
diameter 

/ \ 

A=r[smS±—^cosd]; (33) 


B=r-cosd. 

c 


(34) 


At full-gear d=c, which, applied to equations (33) and (34) 
will reduce them to equations (31) and (32). Thus the valve- 
diagram for a link-motion at full gear is identical with the dia- 
gram for a plain slide-valve under the control of an eccentric 
having the same eccentricity and angular advance as one of 
the eccentrics of the link-motion; which coincides with our 
conceptions of the link-motion, derived from the drawings on 
Plates XIII and XIV. 

In Fig. 4, PI. XVI, and Fig. i, PI. XVII, Oq and qP are 
made equal to the coordinates of the end of the valve-circle 
diameter at full-gear, when d=c] i.e., 

Oq=r sin qP = r cos d = B. 


At mid-gear d becomes zero, and the coordinates of the end 
of the diameter of the valve-circle become 


rc 


AQ = r sin cos 


5o=o. 


• • (35) 

• • (36) 
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Tlie upper sign is taken for open rods, and the lower sign for 
crossed rods. Fig. 4, PL XVI, corresponds with the first case, 
and Fig. i, PI. XVII, with the second case. The ends of the 
diameter of valve-circles for intermediate grades of the link 
may be found by assuming values for d and calculating the co- 
ordinates by aid of equations (33) and (34), if desired; but an 
inspection of those equations shows that they give the coordi- 
nates of a parabola having its vertex on the axis XX'. Two 
points, P and Po, are already located and an arc of the parab- 
ola may be passed through them by the ordinary geometrical 
construction; or, since the arc is quite fiat, there may be sub- 
stituted for it the arc of a circle having its centre on the axis 
XX'. The centres of the valve-circles have for their coordi- 
nates and and consequently lie on another parabola 
with its vertex on XX'; an arc of a circle centred on XX' may 
be substituted for the arc of this parabola, and will be more con- 
venient to draw since its radius is half the radius of the circular 
arc substituted for the parabola through P and Po. 

Fig. 4, PI. XVI, and Fig. i, PL XVII, exhibit the variation 
of lead which was pointed out in Figs, i and 2, PL XV. The 
same thing is evident from an inspection of equation (33), tak- 
ing the upper sign for open and the lower sign for crossed rods. 
For convenience the fact is stated as follows: 

A Stephenson link-motion with open rods gives increasing 
lead from full-gear toward mid-gear; with crossed rods il gives 
decreasing lead from full-gear toward mid-gear. 

Valve-circles showing the motion of leh valve at intermedi- 
ate grades of the link arc drawn at OP\ and OP 2, on Fig. 4, PL 
XVI, and on Fig. i, PL XVIL On both figures llie lap-ein les 
are nn'n", showing cut-off at the crank-])()sitions OR, OR\, 
ORo^ and OR^; neglecting the inlluence of the connecting-rod, 
the corresponding piston-disydacements are xa, xa\, xa-j, and 
xao. An inspection of the figure will show that the lead angle 
increases as the cut-off is shortened, accompanied by an earlier 
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admission. If an exhaust-lap circle were drawn, it would show 
that an early cut-off is accompanied by an early release and a 
large compression. A comparison of these diagrams with the 
valve-diagrams shown by Fig. 2 , PL X, and Fig. i, PL XII, will 
show that a Stephenson link-motion is equivalent to a shifting 
eccentric with variable lead. 

Gooch Link-motion. — Making use of the same notation as 
in the analytical discussion of the Stephenson link, let e be the 
eccentricity, and S the angular advance for each eccentric; let 
c be the half-length of the link, and d the displacement of the 
link-block from the middle of the link; let I be the length of 
the eccentric-rod, the link-pins being assumed to be on the link- 
arc; let h be the length of the radius-rod, and s the length of 
the valve-spindle. 

Assume that the link is so suspended that m, the middle 
point of the chord, shall remain on the central line XX', and 
that the length of the link is sensibly the same whether meas- 
ured on the chord or on the arc. Assume also that the rods 
arc open. 

In Fig. 2 , PL XVIII, the diagram in fine lines represents the 
link-motion when the crank is on a dead-point; and the diagram 
in heavy lines represents it when the crank has moved from 
Co to C through the angle 0. 

The distance from the origin 0 to the middle of the valve & 

Qb = Op— pk-kg^-^-^S -\-Sb, , . « • (37^ 

The term pk is determined by the equation 

pk = KP sin pPK ==(c-d) sin a ( 38 ) 


pff Op-Of 

ppi- 


(39) 


Now 
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But 


Op— Oe +ep >= Oe — {Pp—Ee)^]^; . . (40) 

0/=^ -Oe'+e'p'^-Oe'+ -(P'p'-E'e')2}i; . (41) 

in which 

EP=E'P^= 1 , Pp^P'p' =c cos a; 

Oe=y sin (0 + 5), Oe'=r sin (0 — 5); 

Ee=r cos (0 + 5), Ee'=r cos (0 — 5). 

Substituting these values in equations (40) and (41) gives 

Op ^ /^sin (0+5 )+{/ 2— [ccosa-^^cos (0 + 5)p|^. . (42) 

Op' = — r sin (0 — 5) + [P — [c cos a — r cos (0 — 5)p } ; (43) 

A comparison of equations ,(42) and (43) with equations (12) 
and (16) shows that they differ in that the coefficient of cos a 
does not contain d, and that only the upper sign of the double 
sign appears before the last term in the bracket; this last, because 
the discussion applies only to open rods. Consequently the 
value of sin a may be obtained from equation (i8j by omit- 
ting terms containing d, and using only the upper sign of the 
double signs; hence 

Y Y 

sin a=— cos d sin 6 — - sin d sin d 
c I 

— ^-[cos^ (0 + 5) — COs2 (0 — 5)]. (44) 

4C4 

Expanding by the binomial theorem the term in equation 
(42) which has a fractional exponent, and rejecting terms with 
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higter powers of I in the denominator, and at the same time 
substituting unity for cos a, will give 

Op-rsiniS+S,+l-‘t+"^(S+},-iSS£pS>. ( 45 ) 

2l L 2lr 

The first two terms of the equation (37) are now determined; 
the others are 


Sb—s, 


qS (nearly). 


and 



(nearly). 


To obtain the last equation, it may be admitted that qh (Fig. 2, 
PI. XVIII) is nearly equal to QK, which is nearly equal to tm. 
Now Pm is half of a chord bisected by a diameter, of which one 
segment is nm and the other is 2/1 -mw; consequently 


Pm^ = nm{2h — fi^n) j 

c2 

mn=^—r (nearly); 


and in like manner 


(nearly). 
21 1 


tm 
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Substituting the values of the several terms in equation (37), 


o 7 crcos(0+^) r^cos^(d+8) 

OS-7Sm(9+fl+(-3+ j ■' 

( r T 

•^(c—d) j - sin 0 cos d—j sin 0 sin d 


[cos^ {d — d) —cos^ 




06 ==r sin 6 cos d-hr cos 6 sin cos 6 cos 8 


— y sin 6 sin d—r sin 6 cos ^+y sin d sin 8 


+ — sm^cos 5--7-sin0sin 5 +/ — r — r+^i+^ 

C V Q.U Q,L\ 


— ^COs2 (0 + 5) —^cos^ (^^ + 5) 




•. 0&=rf sin 5 +j-cos 51 cos 


drf c \ 
0+y( cos 5 —^ sin 5 ) sin0 




-^(C + <f) C0S2 (0 + 5) + (c-<f) C0S2 (0-5)]. 


The last term is identical with the term dropped from equa* 
tion (20), and it may be neglected here as well. 
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At the crank-end dead-point 6 is zero, and it is 180° at the 
head-end dead-point. The corresponding values for Ob are 

OJ'=f^sin 5-[-j-coS(5j-l-/-F;iM-5-^-^; . ( 47 ) 

06"=-r^sin5+^cos5^+/-f-/i-|-s-^-^. . (48) 

Hence the distance from the origin 0 to the middle of the valve, 
when in mid-position, is (Fig. 2, PI. XVIII) 


2 2 

= — , , . . (4q) 

The displacement of the valve from mid-position at any 
crank-angle is obtained by subtracting equation (49) from equa- 
tion (46), member from member, giving 



Thus far in this discussion attention has been given to the 
case of open rods only; were the same method to be carried 
through for crossed rods, using a figure similar to Fig. 2, PI. 
XVIII, a similar equation would be found for the valve-dis- 
placcmcnt, except that the quantities c and d would be affected 
by a negative sign. 

Zeuner’s Diagram .—A comparison of equation (50) with 
equation (29) shows that a valve controlled by a Gooch link- 
motion has a harmonic motion, and that its displacement from 
mi(l-j)osition, at any grade of the link, may be represented by 
a valvc-t‘ircle. Taking account of the observation at the end 
of tlie previous paragraph, with regard to crossed rods, the co- 
ordinates of the end of the diameter of the valve-circle may be 
written 
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A ^r(^m 8 ±j cos dj; (51) 

^ dr/ ^ c , \ 

£= — f cos 5 =F^sin 5 I; (52) 

the upper sign being used with open and the lower with crossed 
rods. 

The expression for A, the abscissa of the end of the diam- 
eter of the valve-circle, is the same for all grades of the link; 
which agrees with the statement on page 53 that the lead is 
constant when the radius of the link-arc is equal to the length 
of the radius-rod. It is apparent, therefore, that a Gooch link- 
motion is equivalent to a shifting eccentric with constant lead. 
Fig. 3, PL XVII, gives the valve-circles for full-gear, mid-gear, 
and for two intermediate gears; and shows the variation of 
cut-oS from full-gear to mid-gear. As was found to be the 
case with the shifting eccentric, constant lead is found to be 
accompanied by an earlier admission from full-gear toward 
mid-gear, though the change is not so marked as it is with an 
increasing lead. 

It must be noted that the Gooch link-motion at full-gear 
does not give the valve the motion that it would have if the con- 
nection were made by an eccentric-rod to the head of the valve- 
spindle. In this respect the action of the Gooch link-motion 
differs from the Stephenson link-motion, which at full-gear 
acts like a plain slide-valve gear. The diameter of the valve- 
circle is, at full-gear, 

/ ^2 r 

(?-f — cos^ (?±2-sjn a cos d 
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which for the ordinary proportions of the link-motion is a trifle 
longer than r. Consequently the full-gear action of a Gooch 
lin k-motion with open rods is equivalent to that of a plain slide- 
valve gear with a little greater angular advance; with crossed 
rods it is equivalent to the action of such a gear with a little 
less angular advance. The difference in each case, though not 
large, is appreciable. 

Walschaert Gear. — The motion of a valve controlled by 
this gear can be represented in a general way by Zeuner’s dia- 
grams, but the discrepancy between the results from such dia- 
gram and the actual valve-motion is too large to allow us to 
use the diagrams even for a preliminary design. The general 
conception, however, is a very important matter. 

The displacement from mid-position of a valve moved by 
an eccentric is 

e=r sin 

Now the motion derived from the cross-head is equivalent to 
that from an eccentric having 90° angular advance, provided 
the cross-head motion is assumed to be harmonic. Conse- 
quently the valve derives a displacement from this source of 

Cl = ri sin -I- 90°) = ri cos d (Ss) 

From the proportions of the combining-lever and the length 
R of the crank, we have 


The di.splaccment of the valve from the influence of the 
eccentric OE is 

^2=^2 sin (t?-ko°) = f2 sin . . » • • (S 4 ) 


in which 


dC a} 
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The entire displacement e of the valve at any crank-angle 
is the sum of the displacements of the two independent sources. 

^=61 + 62=^1 cos 04-^2 sin . . . (55) 

and since ri and ^2 are constant for any grade of the link, equa- 
tion (5S) is a special case of equation (29), ri and ^2 being the 
coordinates of the diameter of a valve-circle for that grade of 
the gear. 

In Fig. I, Plate XXI, the valve-circle OPq is drawn with a 
diameter rt and represents the mid-gear action of the valve. 
The circles Op, Opi, and Op% represent the motions derived 
from the eccentric OEi at full-gear and at two intermediate 
gears. The circles OP, 0 P\, and OP 2 represent the actual dis- 
placements of the valve, derived from both sources. It is evi- 
dent that 

and that 0 P\ and OP 2 may be obtained in a similar manner. 
A comparison of Fig. i, PI. XXI, with Fig. 3, PL XVII, shows 
that the action of the Walschaert gear is equivalent to that of 
the Gooch link-motion. To aid in this comparison, the dimen- 
sions OPo and PoP were transferred from Fig. 3, PL XVII, to 
Fig. I, PL XXI, and consequently the diagrams are identical. 
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Du Bois’s Mechanics of Engineering. Vol II Small 4to! 10 00 

Foster’s Treatise on Wooden Trestle Bridges 4to, o 00 

Fowler’s Ordinary Foundations gvo! 3 50 

Greene’s Arches in Wood, Iron, and Stone gvo, 2 50 

Bridge Trusses gvo, 2 50 

Roof Trusses gvo! 1 25 

Grimm’s Secondary Stresses in Bridge Trusses . . . . gvo! 2 50 

Heller’s Stresses in Structures and the Accompanying Deformations . . S\o, 3 00 

Howe’s Design of Simple Roof-trusses in Wood and Steel Svo. 2 00 

Symmetrical Masonry Arches gvo, 2 50 

Treatise on Arches 8\o, 4 00 

* Hudson’s Plate Girder Design . .S\o, 1 50 

* Jacoby's Structural Details, or Elements of Design in Heavy Framing, S\o, 2 25 
Johnson, Bryan and Tumeaure’s Theory and Practice in the Designing of 

Modern Framed Structures Small 4to, 10 00 

* Johnson, Bryan and Turneaure’s Theory and Practice m the Designing ot 

Modern Iramed Structures New Edition Part I Svo, 3 00 

* Part II New Edition . Svo, 4 OU 

Merriman and Jacoby’s Text-book on Roofb and Bridges. 

Part I Stresses in Simple Trusses . . . .Svo, 2 50 

Part n. Graphic Statics. ... Svo, 2 50 

Part III. Bridge Design . . . . Svo, 2 50 

Part IV. Higher Structures . Svo, 2 50 

Sondcncker’s Graphic Statics, with Applications to Trusses, Beams, and 

Arches ... . Svo, 2 00 

Waddell’s De Pontibus, Pocket-book tor Bridge Engineers .. . . 16mo, mor 2 00 

* Speciheations for Steel Bridges . r2mo, 50 


Waddell and Harrington’s Bridge Engineering (.In Preparation ) 


HYDRAULICS 

Barnes’s Ice Formation Svo, 3 00 

Bazin's Experiments upon the Contraction of the Liquid Vein Issuing from 

an Orifice (Trautwine ) S\o, 2 UO 

Bovey’s Trci^tise on Hydraulics . . Svo, 5 00 

Church’s Diagrams of Mean Velocity of Water in Open Channels 

Oblong 4to, paper, 1 50 

Svo, 2 00 


Hydraulic Motofs. 
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Coffin’s Graphical Solution of Hydraulic Problems . 16mo, mor 

Flather’s Dynamometers, and the Measurement of Power 12mo, 

Polwell’s Watfer-supply Engineering 8vo, 

Prizell’s Water-power 8vo, 

Fuertes’s Water and Public Health 12mo, 

Water-filtration Works 12mo, 

Ganguillet and Kutter’s General Formula for the Uniform Flow of Water in 

Rivers and Other Channels (Hering and Trautwine.) Svo, 

Hazen’s Clean Water and How to Get It Large 12mo, 

Filtration of Public Water-supplies Svo, 

Hazelhurst’s Towers and Tanks for Water-works Svo, 

Herschel’s 115 Experiments on the Carrying Capacity of Large, Riveted, Metal 

Conduits Svo, 

Hoyt and Grover’s River Discharge Svo, 

Hubbard and Kiersted’s Water- works Management and Maintenance 

Svo, 

* Lyndon’s Development and Electrical Distribution of Water Power. 

Svo, 

Mason’s Water-supply. (Considered Principally from a Sanitary Stand- 
point ) 8vo, 

Merriman’s Treatise on Hydraulics Svo, 

* Molitor’s Hydraulics of Rivers, Weirs and Sluices Svo, 

* Morrison and Brodie’s High Masonry Dam Design Svo, 

* Richards’s Laboratory Notes on Industrial Water Analysis Svo, 

Schuyler’s Reservoirs for Irrigation, Water-power, and Domestic Water- 

supply. Second Edition, Revised and Enlarged Large Svo, 

* Thomas and Watt’s Improvement of Rivers 4to, 

Tumeaure and Russell’s Public Water-supplies Svo, 

* Wegmann’s Design and Construction of Dams. 6th Ed., enlarged .4to, 

Water-Supply of the City of New York from 1658 to* 1895 4to, 

Whipple’s. Value of Pure Water Large 12mo,' 

Williams and Hazen’s Hydraulic Tables 8vo, 

Wilson’s Irrigation Engineering 8vo, 

Wood’s Turbines 8voi 


$2 50 

3 00 

4 00 

5 00 

1 50 

2 50 


00 

50 

00 

50 

00 

00 


4 00 

3 00 

4 00 

5 00 
2 00 
1 50 

50 

6 00 
6 00 

5 00 

6 GO 
10 00 

1 00 

1 50 
4 00 

2 50 


Svo, 

. . . Svo, 

. . Oblong 4to, 


MATERIALS OP ENGINEERING. 

Baker’s Roads and Pavements 

Treatise on Masonry Construction 

Black's United States Public Works 

Blanchard’s Bituminous Roads (In Preparation ) 

Bleininger’s Manufacture* of Hydraulic Cement (In Preparation.) 

* Bovey’s Strength of Materials and Theory of Structures . ... 8vo, 

Burr's Elasticity and Resistance of the Materials of Engineenng , . . Svo! 
Byrne’s Highway Construction 8vo,' 

Inspection of the Materials and Workmanship Employed m Construction 

Church's Mechanics of Engineering ^^8vo! 

Du Bois's Mechanics of Engineering 

Vol. I Kinematics, Statics, Kinetics Small 4to, 

Vol II The Stresses in Framed Structures, Strength of Materials anci 
» Theory of Flexures . Small 4to, 

* Eckel s Cements, Limes, and Plasters 

Stone and Clay Products used in Engineering (In Preparation ) 
Fowler's Ordinary Foundations 

* Greene’s Structural Mechanics ’ 

* Holley’s Lead and Zinc Pigments Large I >rno’ 

Holley and Ladd’s Analysis of Mixed Paints, Color Pigmenu and Varnishes’ 

* Hubbard’s Dust Preventives and Road Binders .. . ^ Svo' 

Johnson’s (C M ) Rapid Methods for the Chemical Analysis of Special Steels* 

Steel-making Alloys and Graphite Larve r>mo* 

Johnson's (J. B.) Materials of Construction Larne Svr/ 

Keep’s Cast Iron 8 

Lanza’s Applied Mechanic^ ! 

Lowe’s Paints for Steel Structures ‘ !_ ’ " ‘ ‘ 


5 00 
5 00 
5 00 


7 50 
7 50 

5 00 

3 00 

6 00 

7 50 

10 01) 
6 00 

3 50 

2 50 

3 00 

2 50 

3 00 

3 00 
6 00 
2 50 
7 50 
1 00 
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12nio, 

8vo, 

Svo. 

8vo, 

12mo. 

12mo. 

Svo, 


Maire’s Modern Pigments and their Vehicles . 

Maurer’s Technical Mechanics ... 

Merrill’s Stones for Building and Decoration. . 

Merriman’s Mechanics of Materials . . 

* Strength of Materials 

Metcalf’s Steel. A Manual for Steel-users 

Morrison’s Highway Engineering 

Murdock’s Strength of Materials (In Press.) 

Patton’s Practical Treatise on Foundations. . . . Svo, 

Rice’s Concrete Block Manufacture. . Svo, 

Richardson’s Modem Asphalt Pavement . Svo, 

Richey’s Building Foreman’s Pocket Book and Ready Reference 16mo,mor. 

* Cement Workers’ and Plasterers’ Edition (Building Mechanics’ Ready 

Reference Series) .. 16mo, mor. 

Handbook for Superintendents of Construction 16mo, mor. 

* Stone and Brick Masons’ Edition (Building Mechanics’ Ready 

Reference Series) 16mo, mor. 

* Ries’s Clays Their Occurrence. Properties, and Uses Svo, 

* Ries and Leighton’s History of the Clay-working Industry of the United 

States Svo. 

Sabin’s Industrial and Artistic Technology of Paint and Varnish 8\o, 

* Smith’s Strength of Material 12rro 

Snow’s Principal Species of Wood Svo, 

Spalding’s Hydraulic Cement 12mo, 

Text-book on Roads and Pavements 12mo, 

* Taylor and Thompson’s Extracts on Reinforced Concrete Design . . . 8vo, 

Treatise on Concrete, Plain and Reinforced . 

Thurston’s Materials of Engineering. In Three Parts 

Part I Non-metallic Materials of Engineenng and Metallurgy 

Part II. Iron and Steel . . . 

Part III. A Treatise on Brasses, Bronzes, and Other Alloys and their 

Constituents Svo, 

Tillson’s Street Pavements and Paving Materials . Svo, 

* Trautwine’s Concrete, Plain and Reinforced ... ... . 16mo, 

Turneaure and Maurer’s Principles of Reinforced Concrete Construction 

Second Edition, Revised and Enlarged Svo, 

Waterbury’s Cement Laboratory Manual 12mo, 

Wood’s (De V ) Treatise on the Resistance of Materials, and an Appendix on 

the Preservation of Timber . . • 8vo, 

Wood's (M P ) Rustless Coatings Corrosion and Electrolysis of Iron and 
Steel 8vo. 


S2 00 

4 00 

5 00 
5 00 
1 00 
2 00 
2 60 

5 00 
2 00 

3 00 
5 00 

1 50 

4 00 


Svo, 
. .Svo, 
.8vo, 
.8vo, 


2 50 

3 00 

1 25 
3 50 

2 00 
2 00 
2 00 
5 00 
8 00 
2 00 

3 50 

2 50 

4 00 
2 00 

3 50 
1 00 

2 00 

4 00 


RAILWAY ENGINEERING 

Andrews's Handbook for Street Railway Engineers .3X5 inches, mor 

Berg's Buildings and Structures of American Railroads 4to, 

• - ^ - — 16mo, mor 

(In Press ) 12mo, 

. . . 16mo, mor 
. . .8vo, 
. 16mo, mor. 
. ’ . Svo, 
Paper, 
Cardboard, 


Brooks’s Handbook of Street Railroad Location 
Burt’s Railway Station Service 
Butts’s Civil Engineer’s Field-book 
Crandall’s Railway and Other Earthwork Tables 
Crandall and Barnes’s Railroad Surveying . 

* Crockett's Methotis for Earthwork Computations 
Dredge’s History of the Pennsylvania Railroad (1879) 

Fisher's Table of Cubic Yards . . .• '''A ' 'k 

Godwin's Railroad Engineers’ Field-book and E.xplorers Guide 16 mo, mor 
Hudson’s Tables for Calculating the Cubic Contents ot E.xca\ations and Em- 
bankments . • ■ ' j ‘ ■ 1 

Ives and Hilts’s Problems in Surveying, Railroad Surve> mg and vjeodesy 

Ifimo, mor 

Miditor and Beard’s Manual for Resident Engineers • 16 mo, 

Nagle’s Field Manual for Railroad Engineers 16 mo, mor 

* Orrock’s Railroad Structures and Estimates • 

Philbrick's Field Manual for Engineers lomo, mor 

Raymond's Railroad Field Geometry . • Ibmo, mor 

Elements of Railroad Engineering • • • 

Railroad Engineer’s Field Book (In Preparation ) 

Roberts’ Track Formula) and Tables 16mo. mor. 


1 25 
5 00 

1 50 

2 50 

1 50 

2 00 

1 50 
5 00 

25 

2 50 

1 00 

1 50 
1 00 

3 00 
3 00 
3 00 

2 on 

3 50 

3 00 
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Searles’s Field Engineering 16mo, mor $3 00 

Railroad Spiral 16mo, mor. 1 50 

Taylor’s Prismoidal Formulae and Earthwork 8vo, 1 50 

* T ■autwine’s Field Practice of Laying Out Circular Curves for Railroads. 

12mo, mor 2 50 

* Method of Calculating the Cubic Contents of Excavations and Em- 
bankments by the Aid of Diagrams 8vo, 2 00 

Webb’s Economics of Railroad Construction Large 12mo, 2 50 

Railroad Construction 16mo, mor. 5 00 

Wellington’s Economic Theory of the Location of Railways Large 12mo, 5 00 

Wilson’s Elements of Railroad-Track and Construction 12mo, 2 00 


DRAWING 


Barr’s Kinematics of Machinery 8vo, 

* Bartlett's Mechanical Drawing 8vo, 

* “ “ “ Abridged Ed 8vo, 

* Bartlett and Johnson’s Engineering Descriptive Geometry 8vo, 

Coolidge’s Manual of Drawing 8vo, paper, 

Coolidge and Freeman’s Elements of General Drafting for Mechanical Engi- 
neers Oblong 4to. 

Durley’s Kinematics of Machines 8vo, 

Emch's Introduction to Projective Geometry and its Application 8vo, 

Hill’s Text-book on Shades and Shadows, and Perspective 8vo, 

Jamison's Advanced Mechanical Drawing 8vo, 

Elements of Mechanical Drawing 8vo, 

Jones’s Machine Design . 

Part I. Kinematics of Machinery 8vo, 

Part II. Form, Strength, and Proportions of Parts 8vo. 

Kaup’s Text-book on Machine Shop Practice (In Press ) 

* Kimball and Barr’s Machine Design 8vo, 

MacCJord’s Elements of De.<5criptive Geometry 8vo, 

Kinematics, or, Practical Mechanism .. . . .Svo, 

Mechanical Drawing 4 to, 

Velocity Diagrams 8vo! 

McLeod’s Descriptive Geometry Large 12moi 

* Mahan’s Descriptive Geometry and Stone-cutting 8vo! 

Industrial Drawing. (Thompson ) Svo, 

Moyer's Descriptive Geometry 8vo! 

Reed’s Topographical Drawing and Sketching 4 to! 

* Reid’s Mechanical Drawing (Elementary and Advanced j . Svo! 

Text-book of Mechanical Drawing and Elementary Machine Design Svo, 

Robinson’s Principles of Mechanism Svo, 

Schwamb and Memll’s Elements of Mechanism Svo, 

Smith (A. W ) and Marx’s Machine Design 8vo! 

Smith’s (R S ) Manual of Topographical Drawing (McMillan ) Svo, 

*Titsworth’s Elements of Mechanical Drawing Oblong Svo! 

Tracy and North’s Descriptive Geometry (In Press ) 

Warren’s Drafting Instruments and Operations I into. 

Elements of Descriptive Geometry, Shadows, and Perspective. S\o,' 

Elements of Machine Construction and Drawing 8v<^! 

Elements of Plane and Solid Free-hand Geometrical Drawing . 12ino 

General Problems of Shades and Shadows "svo! 

Manual of Elementary Problems in the Linear Perspective of Forms an<l 

Shadow 

Manual of Elementary Projection Drawing ] ‘inio. 

Plane Problems m Elementary Geometry ’ 

Weisbach’s Kinematics and Power of Transmission. (Hermann and’ 

Klein ) 

Wilson’s (.H. M ) Topographic Surveying y vo 

* Wilson’s (V T.) Descriptive Geometry !.!!!!! .«vo 

Free-hand Lettering '.!!!!!! vo 

Free-hand Perspective 8vo’ 

Woolf’s Elementary Course m Descriptive Geometry Large 8vo! 
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2 50 

3 00 
1 50 

1 50 
1 00 

2 50 

4 00 
2 50 
2 00 
2 00 

2 50* 

1 50 

3 00 

3 00 

3 00 

5 00 

4 00 
I 50 
1 50 

1 50 
3 50 

2 00 

5 00 
2 00 
3 00 
3 00 
3 00 
3 00 

2 50 
1 25 

1 25 

3 50 
7 50 
1 no 
3 00 

I 00 
I 50 
1 25 


5 00 
3 50 

1 50 
1 00 

2 50 

3 00 



ELECTRICITY AND PHYSICS. 


* Abegg’s Theory of Electrolytic Dissociation, (von Ende.l 12mo, $1 25 

Andrews’s Hand-book for Street Railway Engineering 3X5 inches, raor. 1 25 

Anthony and Ball’s Lecture-notes on the Theory of Electrical Measure- 
ments 12mo, 1 00 

Anthony and Brackett's Text-book of Physics. (Magie.). .. .Large 12mo, 3 00 

Benjamin’s History of Electricity 8vo, 3 00 

Betts’s Lead Refining and Electrolysis 8vo, 4 00 

Classen’s Quantitative Chemical Analysis by Electrolysis. (Boltwood.).8vo, 3 00 

* Collins’s Manual of Wireless Telegraphy and Telephony 12mo, 1 60 

Crehore and Squier’s Polarizing Photo-chronograph 8vo, 3 00 

* Danneel’s Electrochemistry. (Mernahi.) 12mo, 1 25 

Dawson’s '‘Engineering" and Electric Traction Pocket-book 16mo, mor. 5 00 

Dolezalek’s Theory of the Lead Accumulator (Storage Battery), (von Ende.) 

12mo, 2 50 


Duhem's Thermodynamics and Chemistry. (Burgess.) 8vo, 4 00 

Plather’s Dynamometers, and the Measurement of Power 12mo, 3 00 

* Getman's Introduction to Physical Science 12mo, 1 50 

Gilbert's De Magnete (Mottelay) 8vo, 2 60 

* Hanchett’s Alternating Currents 12mo, 1 00 

Hering’s Ready Reference Tables (Conversion Factors) 16mo, mor. 2 50 

* Hobart and Ellis’s High-speed Dynamo Electric Machinery 8vo, 6 00 

Holman’s Precision of Measurements 8vo, 2 00 

Telescopic Mirror-scale Method, Adjustments, and Tests . . .Large Svo, 75 

* Hutchinson’s High-Efficiency Electrical Illuminants and Illumination. 

Large 12mo, 2 50 

Karapetoff’s Experimental Electrical Engineering 

V Vol. Svo, 3 50 

* Vol. 11 Svo, 2 50 

Kinzbrunner's Testing of Continuous-current Machines Svo, 2 00 

Landauer’s Spectrum Analysis (Tingle.) Svo, 3 00 

Le Chatelier’s High- temperature Measurements. (Boudouard — Burgess ) 

12mo, 3 00 

Lob’s Electrochemistry of Organic Compounds (Lorenz.) Svo, 3 00 

* Lyndon’s Development and Electrical Distribution of Water Power. Svo, 3 00 

* Lyons's Treatise on Electromagnetic Phenomena Vols, I and 11. Svo, each, 6 00 

* Michie's Elements of Wave Motion Relating to Sound and Light . . . Svo 4 00 

Morgan’s Outline of the Theory of Solution and its Results 12mo, 1 00 

* Physical Chemistry for Electrical Engineers , . 12mo, 1 50 

* Norris’s Introduction to the Study of Electrical Engineering . . . Svo, 2 50 


Norris and Dennison's Course of Problems on the Electrical Characteristics of 


Circuits and Machine^ (In Press ) 

* Parshall anti Hobart’s Electric Machine Design , . ,4to, half mor, 12 50 

Reagan's Locomotives Simple, Compound, and Electric New Edition 

Large 12mo, 3 50 


* Rosenberg’s Electrical Engineering (Haldane Gee — Kmzbrunner ) Svo, 
Ryan, Norris and Hoxie’s Electrical Machinery Vol I . . Svo, 

Schapi'cr’s Laboratory Guule for Students in Physical Chemistry . 12mo, 


* Tillman’s Elementary Lessons in Heat . ... Svo. 

* Timbie’s Elements ot Electricity Large 12mo, 

Tory and Pitcher’s Manual of Laboratory Physics .. . Large 12mo, 

Ulke’s Modern Electrolytic Copper Refining Svo. 


Waters’s Commercial Dynamo Design (In Press ) 


2 00 

2 50 
1 00 

1 50 
•2 ()0 

2 00 

3 00 


* Brennan’s Hand-book of Useful Legal Information for Business Men. 

16mo, mor 

* Davis's h)lements of Law - - - • • 

* Treatise on the Military Law of Uniteil States . . Svo, 

* Dudley’s Military Law an<l the Procedure of Courts-martial. . Large 12mo, 

Manual for Courts-martial - ..... Idmo. mor 

Wait’s Engineering and Architectural Jurisprudence bvo, 


Sheep, 6 50 
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Wait’s Law of Contracts. 8vo, $3 00 

Law of Operations Preliminary to Construction in Engineering and 

Architecture Svo, 5 00 

Sheep, 5 50 


MATHEMATICS 


Baker’s Elliptic Functions 8vo, 1 50 

Briggs’s Elements of Plane Analytic Geometry (Bocher ) 12mo, 1 00 

* Buchanan’s Plane and Spherical Trigonometry 8vo, 1 00 

Byerly’s Harmonic Functions 8vo 1 00 

Chandler's Elements of the Infinitesimal Calculus 12mo, 2 00 

* Coffin’s Vector Analysis 12mo, 2 50 

Compton’s Manual of Logarithmic Computations 12mo, 1 50 

* Dickson’s College Algebra Large 12mo, 1 50 

* Introduction to the Theory of Algebraic Equations Large 12mo, 1 25 

Emch’s Introduction to Projective Geometry and its Application 8vo, 2 50 

Fiske’s Functions of a Complex Variable 8vo, 1 00 

Halsted’s Elementary Synthetic Geometry 8vo, 1 50 

Elements of Geometry 8vo, 1 75 

* Rational Geometry 12mo 1 50 

Synthetic Projective Geometry 8vo, 1 00 

* Hancock’s Lectures on the Theory of Elliptic Functions 8vo, 5 00 

Hyde’s Grassmann’s Space Analysis 8vo, 1 00 


* Johnson/s (J. B.) Three-place Logarithmic Tables* Vest-pocket size, paper, 15 

* 100 copies, 5 00 
* Mounted on heavy cardboard, 8X10 inches, 25 
* 10 copies, 2 00 

Johnson’s (W. W.) Abridged Editions of Differential and Integral Calculus. 

Large 12mo, 1 vol. 2 50 

Curve Tracing in Cartesian Co-ordinates 12mo, 1 00 

Differential Equations 8vo, 1 00 

Elementary Treatise on Differential Calculus Large 12mo, 1 50 

Elementary Treatise on the Integral Calculus Large 12mo, 1 50 

* Theoretical Mechanics 12mo, 3 00 

Theory of Errors and the Method of Least Squares 12mo, 1 50 

Treatise on Differential Calculus Large 12mo, 3 00 

Treatise on the Integral Calculus Large 12mo, 3 00 

Treatise on Ordinary and Partial Differential Equations. . .Large 12mo, 3 50 

Karapetoff’s Engineering Applications of Higher Mathematics (In Preparation ) 
Laplace’s Philosophical Essay on Probabilities (Truscott and Emory.) 12mo, 2 00 

* Ludlow’s Logarithmic and Trigonometric Tables 8vo, 1 00 

* Ludlow and Bass’s Elements of Trigonometry and Logarithmic and Other 

Tables 8vo, 3 00 

* Trigonometry and Tables published separately ... .... Each, 2 00 

Macfarlane’s Vector Analysis and Quaternions Svo, 1 00 

McMahon’s Hyperbolic Functions. . . ... . . . , 8vo, 1 00 

Manning’s Irrational Numbers and their Representation by Sequences and 

Series 12mo, 1 25 

Mathematical Monographs Edited by Mansfield Merriman and Robert 

S. Woodward . . . Octavo, each 1 00 

No 1 History of Modem Mathematics, by David Eugene wSmith 
No 2 Synthetic Projective Geometry, by George Bruce Halsteii 
No 3 Determinants, by Laenas Gifford Weld No 4 Hyper- 
bolic Functions, by James McMahon No 5 Harmonic Func- 
tions, by William E Byerly No 6 Grassmann’s Space Analysis, 
by Edward W Hyde No 7 Probability and Theory of Errors, 
by Robert S Woodward. No 8 Vector Analysis and Quaternions, 
by Alexander Macfarlane No. 9 Differential Equations, by 
William Woolsey Johnson No 10 The Solution of Equations, 
by Mansfield Merriman. No 11 Functions of a Complex Variable, 
by Thomas S Fiske 

Maurer’s Technical Mechanics .... gvo 4 00 

Mernman’s Method of Least Squares ... gvo 2 00 

Solution of Equations [ [ gvo l OO 
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* Moritz’s Elements of Plane Trigonometry ... gvo, $2 00 

Rice and Johnson’s Differential and Integral Calculus 2 vols in one 

Large 12mo, 1 50 

Elementary Treatise on the Differential Calculus Large 12mo, 3 00 

Smith’s History of Modern Mathematics gvo, 1 00 

* Veblen and Lennes’s Introduction to the Real Infinitesimal Analysis of One 

Variable gvo, 2 00 

* Waterbary’s Vest Pocket Hand-book of Mathematics for Engineers 

2|X5§ inches, mor. 1 00 

* Enlarged Edition, Including Tables mor 1 50 

Weld’s Determinants gvo, 1 00 

Wood’s Elements of Co-ordinate Geometry gvo, 2 00 

Woodward’s Probability and Theory of Errors gvo, 1 00 


MECHANICAL ENGINEERING. 

MATERIALS OF ENGINEERING, STEAM-ENGINES AND BOILERS. 

Bacon’s Forge Practice 12mo, 1 50 

Baldwin’s Steam Heating for Buildings 12mo. 2 50 

Barr’s Kinematics of Machinery gvo, 2 50 

* Bartlett’s Mechanical Drawing gvo, 3 00 

* “ “ “ Abridged Ed gvo, 1 50 

* Bartlett and Johnson’s Engineering Descriptive Geometry gvo, I 50 

* Burr’s Ancient and Modem Engineering and the Isthmian Canal . . gvo, 3 50 

Carpenter’s Experimental Engineering gvo 6 00 

Heating and Ventilating Buildings gvo, 4 00 

* Clerk’s The Gas, Petrol and Oil Engine gvo, 4 00 

Compton's First Lessons in Metal Working 12mo, 1 50 

Compton and De Groodt’s Speed Lathe 12mo, 1 50 

Coolidge’s Manual of Drawing gvo, paper, 1 00 

Coolidge and Freeman’s Elements of General Drafting for Mechanical En- 
gineers . . Oblong 4to, 2 50 

Cromwell’s Treatise on Belts and Pulleys 12mo, 1 50 

Treatise on Toothed Gearing 12mo, 1 50 

Dingey’s Machinery Pattern Making 12mo, 2 00 

Durley’s Kinematics of Machines . 8vo, 4 00 

Flanders's Gear-cutting Machinery Large 12mo, 3 00 

Flather’s Dynamometers and the Measurement of Power 12mo, 3 00 

Rope Driving . . . l2mo, 2 00 

Gill’s Gas and Fuel Analysis for Engineers r2mo 1 25 

Goss’s Locomotive Sparks ... . 8vo, 2 00 

Greene’s Pumping Machinery (In Press ) 

Hering’s Ready Reference Tables (Conversion Factors) l6mo, mor 2 50 

* Hobart and Ellis’s High Speed Dynamo Electric Machinery . . . 8vo, 6 00 

Hutton’s Gas Engine . . 8vo, 5 00 

Jamison’s Advanced Mechanical Drawing 8vo, 2 00 

Elements of Mechanical Drawing . . . Svo, 2 50 

Jones’s Gas Engine Svo. 4 00 

Machine Design 

Part I Kinematics of Machinery Svo, 1 50 

Part II Form, Strength, and Proportions of Parts ... , . .8vo, 3 00 

Kaup's Text-book on Machine Shop Practice (In Press ) 

* Kent’s Mechanical Engineer's Pocket-Book . , 16mo, mor 5 00 

Kerr’s Power and Power Transmission Svo, 2 00 

* Kimball and Barr’s Machine Design Svo, 3 00 

Leonard’s Machine Shop Tools and Methods . . Svo, 4 00 

* Levin’s Gas Engine Svo, 4 00 

* Lorenz’s Modern Refrigerating Machinery (Pope, Haven, and Dean) Svo, 4 00 

MacCord’s Kinematics; or Practical Mechanism. . Svo, 5 00 

Mechanical Drawing . . 4to, 4 00 

Velocity Diagrams Svo, 1 50 

MacFariand's Standard Reduction Factors for Gases Svo, 1 50 

Mahan’s Industrial Drawing Thompson ) Svo. 3 50 
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Mehrtens’s Gas Engine Theory and Design Large 12mo, 

Oberg’s Handbook of Small Tools Large 12mo. 

* Parshall and Hobart’s Electric Machine Design. Small 4to, half leather, 

* Peele’s Compressed Air Plant for Mines. Second Edition, Revised and En- 

larged 8vo, 

Poole’s Calorific Power of Fuels 8vo, 

* Porter’s Engineering Reminiscences, 1855 to 1882 8vo, 

* Reid’s Mechanical Drawing. (Elementary and Advanced ) .8vo, 

Text-book of Mechanical Drawing and Elementary Machine Design 8vo, 

Richards’s Compressed Air 12mo, 

Robinson’s Principles of Mechanism 8vo, 

Schwamb and Merrill’s Elements of Mechanism 8vo, 

Smith (A. W.) and Marx's Machine Design 8vo, 

Smith’s (O.) Press- working of Metals Svo, 

Sorel’s Carbureting and Combustion in Alcohol Engines. (Woodward and 

Preston ) Large 12mo, 

Stone’s Practical Testing of Gas and Gas Meters Svo, 

Thurston’s Animal as a Machine and Prime Motor, and the Laws of Energetics. 

12mo, 

Treatise on Friction and Lost Work in Machinery and Mill Work. . .8vo, 

* Tillson's Complete Automobile Instructor 16mo, 

* Titsworth’s Elements of Mechanical Drawing Oblong Svo, 

Warren’s Elements of Machine Construction and Drawing Svo, 

* Waterbury’s Vest Pocket Hand-book of Mathematics for Engineers. 

2JX5f inches, mor. 

* Enlarged Edition, Including Tables mor. 

Weisbach’s Kinematics and the Power of Transmission. (Herrmann — 

Klein.) 8vo, 

Machinery of Transmission and Governors. (Hermann — Klein.) . . Svo, 
Wood’s Turbines Svo, 


MATERIALS OF ENGINEERING. 


* Bovey’s Strength of Materials and Theory of Structures Svo, 

Burr’s Elasticity and Resistance of the Materials of Engineering Svo, 

Church’s Mechanics of Engineering Svo, 

* Greene’s Structural Mechanics Svo, 

* Holley’s Lead and Zinc Pigments Large 12mo 

Holley and Ladd's Analysis of Mixed Paints, Color Pigments, and Varnishes. 

Large 12mo, 

Johnson’s (C. M.) Rapid Methods for the Chemical Analysis of Special 

Steels, Steel-Making Alloys and Graphite Large i2mo, 

Johnson’s (J B ) Materials of Construction Svo, 

Keep's Cast Iron Svo, 

Lanza’s Applied Mechanics Svo, 

Lowe's Paints for Steel Structures 12 mo, 

Maire’s Modern Pigments and their Vehicles 12mo, 

Maurer’s Technical Mechanics 8vo, 

Merriman’s Mechanics of Materials Svo, 

* Strength of Materials l2mo, 

Metcalf’s Steel A Manual for Steel-users 12mo, 

Sabin’s Industrial and Artistic Technology of Paint and Varnish . ... Svo, 
Smith’s (A. W.) Materials of Machines 12mo, 

* Smith's (H E ) Strength of Material l2mo, 

Thurston’s Materials of Engineering 3 vols , Svo, 

Part I. Non-metalhc Materials of Engineering, Svo, 

Part II Iron and Steel Svo,' 

Part III A Treatise on Brasses, Bronzes, and Other Alloys and their 

Constituents Svo, 

Wood’s (De V ) Elements of Analytical Mechanics Svo. 


Treatise on the Resistance of Materials and an Appendix on the 

Preservation of Timber Svo, 

Wood’s (M. P.) Rustless Coatings: Corrosion and Electrolysis of Iron and 
Steel. Svo, 


7 60 
7 50 
6 00 

2 50 

3 00 

2 50 

3 00 
6 00 

2 50 

7 50 
1 00 
2 00 

4 00 

5 00 

1 00 

2 00 

3 00 
1 (JO 

1 25 

8 00 

2 00 
3 50 


3 00 
2 00 

4 00 
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STEAM-ENGINES AND BOILERS, 


Berry's Temperature-entropy Diagram. Third Edition Revised and En- 


larged 12mo, $2 50 

Carnot’s Reflections on the Motive Power of Heat. (Thurston ) 12mo, 1 50 

Chase’s Art of Pattern Making 12mo, 2 50 

Creighton’s Steam-engine and other Heat Motors 8va, 5 00 

Dawson’s “Engineering” and Electric Traction Pocket-book. .. .16mo, mor. 5 00 

* Gebhardt’s Steam Power Plant Engineering 8vo, 6 00 

Goss’s Locomotive Performance 8vo, 5 00 

Hemenway’s Indicator Practice and Steam-engine Economy 12mo, 2 00 

Hutton’s Heat and Heat-engines 8vo, 5 00 

Mechanical Engineering of Power Plants 8vo, 5 00 

Kent’s Steam Boiler Economy 8vo, 4 00 

Kneass’s Practice and Theory of the Injector. 8vo, 1 50 

MacCord’s Slide-valves 8vo, 2 00 

Meyer’s Modem Locomotive Construction 4to, 10 00 

Moyer’s Steam Turbine 8vo, 4 00 

Peabody’s Manual of the Steam-engine Indicator 12mo, 1 50 

Tables of the Properties of Steam and Other Vapors and Temperature- 

Entropy Table 8vo, 1 00 

Thermodynamics of the Steam-engine and Other Heat-engines. . . .8vo, 5 00 

Valve-gears for Steam-engines 8vo, 2 50 

Peabody and Miller’s Steam-boilers 8vo, 4 00 

Pupin’s Thermodynamics of Reversible Cycles in Gases and Saturated Vapors. 

(Osterberg.) 12mo, 1 25 


Reagan's Locomotives: Simple, Compound, and Electric. New Edition. 

Large 12mo, 3 50 


Sinclair’s Locomotive Engine Running and Management 12mo, 2 00 

Smart’s Handbook of Engineering Laboratory Practice 12mo, 2 50 

Snow’s Steam-boiler Practice 8vo, 3 00 

Spangler’s Notes on Thermodynamics 12mo, 1 00 

Valve-gears Svo, 2 60 

Spangler, Greene, and Marshall’s Elements of Steam-engineering Svo, 3 00 

Thomas’s Steam-turbines Svo, 4 00 

Thurston’s Handbook of Engine and Boiler Tnals, and the Use of the Indi- 
cator and the Prony Brake Svo, 5 00 

Handy Tables Svo, 1 50 


Manual of Steam-boilers, their Designs, Construction, and Operation Svo, 5 00 


Manual of the Steam-engine 2 vols , Svo, 10 00 

Part I History, Structure, and Theory Svo, 6 00 

Part II Design, Construction, and Operation Svo, 6 00 


Wehrenfennig’s Analysis and Softening of Boiler Feed-water. (Patterton ) 

Svo, 4 00 


Weisbach’s Heat, Steam, and Steam-engines. (Du Bois ) Svo, 5 00 

Whitham’s Steam-engine Design Svo. 5 00 

Wood’s Thermodynamics, Heat Motors, and Retngcratmg Machine^ .Svo, 4 00 


MECHANICS PURE AND APPLIED. 


Church’s Mechanics of Engineering Svo, 

* Mechanits of Internal Works 

Notes anil Examples m Mechanics • 

Dana’s Text-book ot Elementary Mechanics for Colleges and bchools iLmo, 
Du Hois's Elementary Principles ot Mechanics,- 

Vol 1 Kinematics 

Vol II Statics 

Mechanics of Engineering Vol I 4to, 

Yol II . . . Small 4to, 

* Greene’s Structural Mechanics 

Hartmann’s Elementary Mechanics for Engineering Student:, 12mo, 

James’s Kinematics of a Point and the Rational Mechanics of a Particle 

Large 12mo 

* Johnson’s (W W ) Theoretical Mechanics 

Lanza’s Applied Mechanics 


6 00 
1 50 
2 00 

1 50 

3 50 

4 00 
7 50 

10 00 

2 50 

1 25 

2 00 
3 00 
7 50 


15 



* Martin’s Text Book on Mechanics, Vol. I, Statics 12mo, $1 

* Vol. II, Kinematics' and Kinetics. 12mo, 1 

Maurer's Technical Mechanics 8vo, 4 

* Mernman’s Elements of Mechanics 12mo, 1 

Mechanics of Materials 8vo, 5 

* Michie’s Elements of Analytical Mechanics 8vo, 4 

Robinson’s Principles of Mechanism 8vo, 3 

Sanborn’s Mechanics Problems Large 12mo, 1 

Schwamb and Merrill’s Elements of Mechanism 8vo, 3 

Wood’s Elements of Analytical Mechanics 8vo, 3 

Principles of Elementary Mechanics 12mo, 1 


25 

50 

00 

00 

00 

00 

00 

50 

00 

00 

25 


MEDICAL. 

* Abderhalden’s Physiological Chemistry in Thirty Lectures. (Hall and 

Defren.) Svo, 

von Behring’s Suppression of Tuberculosis. (Bolduan ) 12mo, 

Bolduan’s Immune Sera 12mo, 

Bordet’s Studies in Immunity. (Gay.) 8vo, 

* Chapin’s The Sources and Modes of Infection Large 12mo, 

Davenport’s Statistical Methods with Special Reference to Biological Varia- 
tions 16mo, mor. 

Ehrlich’s Collected Studies on Immunity. (Bolduan ) Svo, 

* Fischer’s Oedema Svo, 

* Physiology of Alimentation Large 12mo, 

de Pursac’s Manual of Psychiatry. (Rosanoff and Collins.). . . .Large 12mo, 
Hammarsten’s Text-book on Physiological Chemistry. (Mandel ). . . .8vo, 
Jackson’s Directions for Laboratory Work in Physiological Chemistry. .8vo, 

Lassar-Cohn’s Praxis of Urinary Analysis (Lorenz ) l2mo, 

Mandel’s Hand-book for the Bio-Chemical Laboratory 12mo, 

* Nelson’s Analysis of Drugs and Medicines. . ... .12mo, 

* Pauh’s Physical Chemistry in the Service of Medicine. (Fischer.) ..12mo, 

* Pozzi-Escot’s Toxins and Venoms and their Antibodies. (Cohn.). . 12mo, 

Rostoski’s Serum Diagnosis. (Bolduan ) 12mo, 

Ruddiman’s Incompatibilities in Prescriptions Svo, 

Whys in Pharmacy 12mo, 

Salkowshi’s Physiological and Pathological Chemistry. (Orndorlf ) . . . .8vo, 

* Satterlee’s Outlines of Human Embryology 12mo, 

Smith’s Lecture Notes on Chemistry for Dental Students Svo, 

* Whipple’s Tyhpoid Fever Large 12mo, 

* Woodhull’s Military Hygiene for Officers of the Line .... Large 12mo, 

* Personal Hygiene 12nio, 

Worcester and Atkinson’s Small Hospitals Establishment and Maintenance, 

and Suggestions for Hospital Architecture, with Plans for a Small 
Hospital 12 mo, 


METALLURGY. 


Betts’s Lead Refining by Electrolysis. . Svo, 

Bolland’s Encyclopedia of Founding and Dictionary of Foundry Terms used 
in the Practice of Moulding ... . ... . l2nio. 

Iron Founder . . . I Jmo, 

“ “ Supplement . . . . l2mo, 

* Borchers’s Metallurgy (Hall and Hayward ) Svo, 

Douglas’s Untechnical Addresses on Technical Subjects. . . !2mo, 

Goesel’s Minerals and Metals A Reference Book . . Himo, moi 

* Iles’s Lead-smelting . , I2iiio, 

Johnson’s Rapid Methods for the Chemical Analysis of Special vStccls, 

Steel-making Alloys and Graphite . Large 12inoi 

Keep’s Cast Iron . . .... Svo, 


Le Chatelier’s High- temperature Measurements (Boudouard — Burgess ) 


12 mo, 

Metcalf's Steel A Manual for Steel-users 12 mo, 

Minet’s Production of Aluminum and its Industrial Use (Waldo ) . 12mo,' 
Price and Meade’s Technical Analysis of Brass (In Press ) 

♦ Ruer’s Elements of Metallography. (Mathewson ) 8vo, 


If) 


5 00 
1 00 
1 50 

6 00 

3 00 

1 50 
6 00 

2 00 
2 00 

2 50 

4 00 
1 25 
1 00 
1 50 

3 00 

1 25 
1 00 
1 00 

2 00 
1 00 
2 50 

1 25 

2 50 

3 00 
1 50 
1 00 


1 25 


4 00 

3 00 
2 50 

2 50 
01 ) 

1 00 

3 00 
J 50 

3 00 

2 50 

3 00 
2 00 

2 50 

3 00 



Smith’s Materials of Machines 12rao, $1 00 

Tate and Stone’s Foundry Practice 12mo, 2 00 

Thurston’s Materials of Engineering. In Three Parts 8vo, 8 00 

Part I. Non-metallic Materials of Engineering, see Civil Engineering, 
page 9. 

Part 11. Iron and Steel 8vo, 3 50 

Part III. A Treatise on Brasses, Bronzes, and Other Alloys and their 

Constituents gvo, 2 50 

Ulke’s Modern Electrolytic Copper Refining 8vo 3 00 

West’s American Foundry Practice 12mo, 2 50 

Moulders’ Text Book 12mo. 2 50 


MINERALOGY. 


Baskerville’s Chemical Elements. (In Preparation.) 

* Browning’s Introduction to the Rarer Elements 8vo, 1 50 

Brush's Manual of Determinative Mineralogy. (Penfield.) 8vo, 4 00 

Butler’s Pocket Hand-book of Minerals 16mo, mor 3 00 

Chester’s Catalogue of Minerals 8vo, paper, 1 00 

Cloth, 1 25 

* Crane’s Gold and Silver 8vo, 5 00 

Dana's First Appendix to Dana’s New " System of Mineralogy”. . Large 8vo, 1 00 

Dana’s Second Appendix to Dana’s New “ System of Mineralogy.” 

Large 8vo, 1 50 

Manual of Mineralogy and Petrography 12mo, 2 00 

Minerals and How to Study Them 12mo, 1 50 

System of Mineralogy Large 8vo, half leather, 12 50 

Text-book of Mineralogy 8vo, 4 00 

Douglas’s Untechnical Addresses on Technical Subjects 12mo, 1 00 

Eakle’s Mineral Tables ... .8vo, 1 25 

Eckel’s Stone and Clay Products Used in Engineering (In Preparation.) * 
Goesel’s Minerals and Metals, A Reference Book 16mo, mor. 3 00 

* Groth’s The Optical Properties of Crystals. (Jackson ) .... Svo, 3 50 

Groth’s Introduction to Chemical Crystallography (Marshall) 12mo, 1 25 

* Hayes’s Handbook for Field Geologists 16mo, mor. 1 50 

Iddings’s Igneous Rocks Svo, 5 00 

Rock Minerals Svo, 5 00 

Johann^en’s Determination of Rock-forming Minerals in Thin Sections Svo, 

With Thumb Index 5 00 

* Martin’^ Laboratory Guide to Qualitative Analysis wifh the Blow- 

pipe .... ... 12mo, 60 

Mernll’s Non-metallic Minerals Their Occurrence and Uses Svo, 4 00 

Stones for Building and Decoration . . . . . . Svo, o 00 

* Penfield's Notes on Determinative Mineralogj’- and Record of Mineral Tests 

Svo, paper, 50 

Tables of Minerals, Including the Use of Minerals and Statistics of 

Domestic Production . . • 8vo, 1 00 


Pirsson’s Rocks and Rock Minerals 12mo, 2 50 

Richanls’s Synojisis of Mineral Characters. 12mo, mor 1 25 

Ries’s Clays Their Occurrence, Properties and Uses . . Svo, o 00 

* Rics and Leighton’s History of the Clay-working Industry of the United 

States Svo. 2 .50 

•• Rowe’s Practical Mineralogy Simplified ... .. 12mo, 1 25 

* Tillman’s Te.\t-book of Important Minerals and Rocks . . . Svo, 2 0<J 

Washington’s Manual of the Chemical Analysis of Rocks Svo, 2 00 


MINING, 

* Beard’s Mine Gases and Explosions . . 

* Crane’s Gold and Silver . .... 

^ Index ot Mining Engineering Literature 

* Ore Mining MethoiK 

Dana and Saunders’s Rock Drilling (In Pres-^ ) 
Douglas’s Untechnical Addresses on Technical Subjects 
Eissler’s Modem High Explosives 
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. . .Large l2mo, 3 00 

Svo, 5 00 

Svo, 4 00 

Svo, mor. 5 00 
Svo, 3 00 

12mo, 1 00 

...Svo. 4 00 



Goesel’s Minerals and Metals: A Reference Book 16mo, mor. $3 00 

Ihlseng's Manual of Mining. 8vo, 5 00 

* Iles’s Lead Smelting 12mo, 2 00 

Peele’s Compressed Air Plant for Mines 8vo, 3 00 

Rieraer’s Shaft Sinking Under Difficult Conditions. (Corning and Peele.) 8 vo, 3 00 

* Weaver’s Military Explosives 8vo, 3 00 

Wilson’s Hydraulic and Placer Mining. 2d edition, rewritten 12mo, 2 50 

Treatise on Practical and Theoretical Mine Ventilation 12mo, 1 25 


SANITARY SCIENCE. 

Association of State and National Food and Dairy Departments, Hartford 


Meeting, 1906 8vo, 3 00 

Jamestown Meeting, 1907 8vo, 3 00 

* Bashore’s Outlines of Practical Sanitation 12mo, 1 25 

Sanitation of a Country House 12mo, 1 00 

Sanitation of Recreation Camps and Parks 12mo, 1 00 

* Chapin’s The Sources and Modes of Infection Large 12mo, 3 00 

Folwell’s Sewerage. (Designing, Construction, and Maintenance.) 8vo, 3 00 

Water-supply Engineering 8vo, 4 00 

Fowler’s Sewage Works Analyses 12mo, 2 00 

Fuertes’s Water-filtration Works 12mo, 2 50 

Water and Public Health 12mo, 1 50 

Gerhard’s Guide to Sanitary Inspections 12mo, 1 50 

* Modem Baths and Bath Houses 8vo, 3 00 

Sanitation of Public Buildings 12mo, 1 50 

* The Water Supply, Sewerage, and Plumbing of Modern City Buildings. 

8vo, *4 00 

Hazen’s Clean Water and How to Get It Large 12mo, 1 50 

Filtration of Public Water-supplies 8vo, 3 00 

* Kinnicutt, Winslow and Pratt’s Sewage Disposal Svo, 3 00 

Leach’s Inspection and Analysis of Food with Special Reference to S' ate 

Control ... Svo, 7 50 

Mason’s Examination of Water. (Chemical and Bacteriological) 12mo, 1 25 

Water-supply. (Considered principally from a Sanitary Standpoint) 

Svo. 4 00 

* Mast’s Light and the Behavior of Organisms . ... Large 12tno, 250 

* Merriman’s Elements of Sanitary Engineering . . 8vo, 2 01) 

Ogden’s Sewer Construction Svo, 3 01) 

Sewer Design r2mo, 2 Of) 

Parsons’s Disposal of Municipal Refuse, . . Svo, 2 01) 

Prescott and Winslow’s Elements of Water Bacteriology, with Special Refer- 
ence to Sanitary Water Analysis ... . . 12mo. 1 50 

* Price's Handbook on Sanitation .. .... . . 12mo, 1 50 

Richards’s Conservation by Sanitation ... . Svo, 2 50 

Cost of Cleanness l2mo,' 1 00 

Cost of Food. A Study in Dietaries 12mo, 1 00 

Cost of Living as Modified by Sanitary Science 12mo, 1 00 

Cost of Shelter . . . . . i2mo, 1 00 

* Richards and Williams’s Dietary Computer Svo,' 1 ,'50 

Richards and Woodman's Air, Water, and Food from a Sanitary Stand- 
point .. . .Svo, 2 00 

♦Richey’s Plumbers’, Steam-fitters’, and Tinners’ Edition (Building 

Mechanics’ Ready Reference Series) lOmo. mor 1 50 

Ruleal’s Disinfection and the Preservation of Food Svo, 4 00 

Sewage and Bacterial Purification of Sewage . . . Svo,' 4 ()() 

Soper’s Air and Ventilation of Subways 12mo! 2 50 

Tumeaure and Russell’s Public Water-supplies . . Svo,' 5 00 

Venable’s Garbage Crematories in America Sv(j' 2 00 

Method and Devices for Bacterial Treatment of Sewage Svo! 3 00 

Ward and Whipple’s Freshwater Biology (In Press ) 

Whipple’s Microscopy of Drinking-water Svo ‘i 50 

* Typhoid Fever Large l2mo! ij 01 ) 

Value of Pure Water Large l2mo, 100 

Winslow’s Systematic Relationship of the Coccaceae Large l2rno, 2 50 
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MISCELLANEOUS. 


♦Chapin’s How to Enamel 12mo, $1 00 

Emmons’s Geological Guide-book of the Rocky Moimtain Excursion of the 

International Congress of Geologists Large 8 vo 1 50 

Ferrel’s Popular Treatise on the Winds Svo, 4 00 

Fitzgerald’s Boston Machinist ISmo, 1 00 

Gannett's Statistical Abstract of the World 24mo, 75 


Haines’s American Railway Management 12mo, 2 50 

Hanausek’s The Microscopy of Technical Products (Win ton) Svo, 5 00 

Jacobs’s Betterment Briefs. A Collection of Published Papers on Or- 
ganized Industrial Efficiency Svo. 3 50 

Metcalfe’s Cost of Manufactures, and the Administration of Workshops .Svo, 5 00 

Putnam’s Nautical Charts Svo, 2 00 

Ricketts’s History of Rensselaer Polytechnic Institute 1824-1894. 

Large 12mo, 3 00 

Rotherham’s Emphasised New Testament Large Svo, 2 00 

Rust’s Ex-Meridian Altitude, Azimuth and Star-finding Tables Svo 5 00 

Standage’s Decoration of Wood, Glass, Metal, etc 12mo 2 00 

Thome’s Structural and Physiological Botany. (Bennett; 16mo, 2 25 

Westermaier’s Compendium of General Botany. (Schneider) Svo, 2 00 

Winslow’s Elements of Applied Microscopy 12mo, 1 50 


HEBREW AND CHALDEE TEXT-BOOKS. 

Gesenius’s Hebrew and Chaldee Lexicon to the Old Testament Scriptures. 

(Tregelles ) Small 4to, half mor, 5 00 

Green’s Elementary Hebrew Grammar 12mo, 1 25 
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